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(57) 

(V,„,) ^JSJ^^ii'Sx. '^mumK^m^(0^f3'=:il^'f 
>1f (5 6) ^^T'SCt^mEEU+'^U-i^'CCoJtg 

fi6^clS0S;*C(D^filiiig?iJffitn (ESR) <J: pJfiB^ciigOfi 




(2) 



^ct - ^ tc Djfigtc-r '2>:^?£-c*) . 

tH;^jrJ>r>1f (5 6) ^JSfflU. :^^^miJi£tC*5C:f 

tti::^i>'-K (5 2) cc*jc^r:e?§F (Rt) ccfcH:^SE 20 
(AVo„r) '2>mEu=^*^u-^?5)^tSffl-r^tB 

;^n>r>1f (5 6) C>S;*i:^fiBii:5^JiS5xR.c-..) ^it 
gt-r-SXT--^^ ^'•'Cfeor. B?fiBtti:tJ=i>f'>l^^mriBfi 
^^FBTtc^?iJtcS,^L. tulBU^^'^ u-^*^ 
fcct ^)?5^:^r^:^ f- > -^'^it A 1. 1 o . d (^cyduxm^ ^ tifc 

X. friBffl:^:&?§f*5j:afm:t?=i>7'>if<otE?ij3e-^ccr^ 30 
^;^f->:7-«ii>cc*fur. fiiBai:^©?5*j<fcO'm:^j=i> 
ffjfBife*tfilcDi^/J^^c^:^^*^JSb. ii[ffi*tfflcD/h$i^:^ 

Ccrw = A I ,p../mR.(.„,t^l^/c7!)5-:>t:, ^'jT-'i 
RecoiO^^/hSt^^^ft'Sti^CtiOC^UCi^ffliit 40 

*!r^A;^ (5 3) (,c^i.^x^iim^m 
pmmtjm ( S o > i . S^iStti;^ y - K*5cfcOmriB*«Jiai so 



2000-299978 

2 

A;^rBlcc!g^^n/c^E^^tf*iS (59) t^^^. 
Cten. |5iBUi:/3-Y>f-5^>XJS:ReCCtJti^b<>i 
^ti4iSO*<Ji#K (s) 

m \ ] 

K ( s) = (- 1/gR.) (l/(l + sR.C)) 
tC^O<L/. CCf. C4dJ:CKR.ti. fjfB»fflb/cth 

I ,,.,cc>ptur}g^$n/cmEii^{±<iAV„„.wi^«: 
•:^^>i/mEu=^^'AU-tS?(Dta:^SEV 
o^t^^SJ^T^ci^plt^cc-r-S. mriBb=^'^^-^<^ 

A:^mEV,„^§C:rBXO. tB^J-O^S^d^^ (L) ^/TL 

rai:^y-F (5 2) tcjg^$n/ca^w (Rt) ^tb^ 

mE (AVou,) ^#k*g-r€)^Si£*IJ®5?X^ ♦:;^>^'m 
EU=^^':^U-^3^^5SfflT^ta;^33>'r>-t^ (5 6) 

SrjiB-Y>^^3?^|gl:foi:C/^2X^ (7 2. 7 

4) tCcl:orVi„*><fca^'ffiift«:^i:ccg,^L. milBUi:^ 

=i>f=^>if5&5friB:&isra^cafe2^ijtcgjKSti. mriBu=¥^:x 
, o . a ic*t L r 3 n/cm.Effl^<±« A V . „ . cc v 

[?^3 ] L.i„ = Vo„tTofrR«CB«»>/Vriople>D-p 

^>:^L^,„^^^r^:^f yy'x^'yX. ccx. T 
h:;i.f^yy't. 

V..,< (Vi„-V„„,) <DJi^. 

C.,„ =A I ,o.d/ [R.<-..5 (V,„,/L1) ] 

[?R5] C.^„ = A I ,0../ tR,(..») ( (V,„- 
V,.,) /LI)] 

ccu/c;!^«-:>-c. BrriBm:tir3>f'>i^cDS/hSac.,„^ 

cfc O' R . ( , . o t3tt3f^ L I ^^llii:?U16CiR , ^ W-r ^ tti 
:^:3>f^>if^. 9?iB:^i§frBlcc^^T5/c2«)«:iSlR^^ 



(3) 

3 

A:^ (5 3) icfci^T^C:tax^fi#ccfiform;^y- K 
(5 2) (cai:^m/EVo,,j&ij?s;'r-5cfc^ccjg^$n. 

Wmt)f9i (5 0) ch. 

gi^3n/ctil:tl=i>-r>1^ (5 6) r«)-:>'r, ^fliifiyij 
^^lttiS(5 9) luiEpl*tJtaim:^S. Bui2 

Ccrit=A I ,o../mR. 
U c ^:g^§[mfl£^c*5C:t -5 :^ >'*ttft]CcS* o X . mi^mt) 

fii. 4dcl:0'2) I ,o.-CC^L/Ci:^?^r^fiietc:teC:t^;^f":/ 

mi] 

K (s) = (- 1/gRo) (l/l + sR.O) 
Kiio-c^^^n. ccx. g«miiBpJ$fJfflm:^S<7>h 

-en. miiBa;^;:3>f^>if(^)^ffiit?rjgj;i;tej:a?S^^ 

fjfBai;'7r3>f^>-«t/)^. CcritCcc5C3f^bi^Sfi. 
fc<i:0'AVo«t/A I i...Cc:ti(3!^LC>^fflii:?iJ}fi!AR. 
^^0. miiB=i>f'>1^{^, mEEU=^*^U-i>?5>^fi?5m 
ijticcfcc:f ^xf-;/r7'^{tA I ,o.aCc>Ptbr^cDtB:^mE 
^AV.^.wrtocttJ^t-^ci^pTfiEtc^^. "oTfig/jriJK 



^KFggZ 000-299978 
Itn^ms ] e^f^i^^^:tet:f-2,:^f---':7*^<bA I ,o.d 
:^SE4*6I^T ^^EU^^^'^U-tJ'r^o-C. 

^ 1 (10 2) ^j^^mzmwxt^ ( i o 4 ) 
PBio^E^tcit.or. ai:^>^-K (5 2) cc4dc^-ca<^ 

<R.) «:tH;^)mE (V,„,) ^e^H^r^-^Pimmtim 

( 1 00) 

a:^r'>f'>t^ (5 6) 

BulBa:^^- K4c5ct(>'^i (1 10) patcSJBS^ 

h^>7.ui>;^^>>^Rs*WL. BtriBmi^«:i^ttl5ti 
^tH;^mac (lo«t) <b*«:^lftT^tH:^mE (V„.J 
^^j?K-r^^'fe>lf (106) 

mn^-^yv-m^^Ktmimtty- Ktc^jti^^mEico 
^tc^L'i^ffi;^mE^^-r^»n^isi8S ( i os) 

m^. Mia^?JE'fe>l^ffi:t)mE*5cfcC>*«5iBljn»[elffiffi^ 
^E>!)^, ^n-en. BiFfB^14»J:C/^2SfJffllA;^CC^M 

^n. SuiBWiSim:^S. H5iBai;t>:3>7^>if. luie-r 

>b*-:$?'>;^. BuiBm2£"fe>1^. ^jJcWSulBira^lHlSS 

fi?^mfiacc:teti'SX7=-!?:7-S!^tA 1 io.dic*fbt:}g 
S$nfcmEfli^±8lAV,.,mcc. m)iBta;^^--F 

O'Z 2(Dl:b5&i. 

Zl/Z2= [ (Ro (1 + sR.C) -Rs]/R* 
(<i^L<rj:^J^^^cmf&^tl. CCX\ R.iJiO'C 
Ci. -en^n/MfBW;^j:3>f^>1^0^ffiBiE?Uffi!n*5<fc 
(:>'gMCC^U<. Rcli. C;&5A 1 ,o.d/mRe«±©ia 

Ct&^A I lo.a/mR.^V^COJl^. AI,o.d/2mC + 
[mC (RJ ] /2A I ,..,(<.mL<. 
m«. 1 ) A I ,„.dCC^L/lrifi?^SiatCfcl:f^>^7^y 7" 
Jtttl«:>rtur. miB(±i;':j^lw4d<tc>'tfl:;^rj v-f >if(D36 

m^^(iC\^^ix. HuiBmEu+'^u-t^f^j^i-aAr^msfe 

<0S::^Djffl>&jiBfl[>3|fijEtR 43<t:0'2) Alio.d^c^UU 

n'^mWL^idf*^^:^r'yy''^(^$(ibX. m^EmfJ^^ 

^* ^ u - ti^rixr ^ miSc^)S/J^ pjffl^iB<Diffi*ffiioi^ 
[fS^RJiQ] ii5Rii8fBiS(D^Eu+'^u-t5?cc4dt,^ 

B?iB-<>t:'-:5«^>xz i3!i^, m^K^mm^ tlfcim 

^R 1 4SctO'ri>'r>+^C UcJ:o-CSI5I?n. H^>f 
-t$»^>XZ2 3t;nglAR2«:J:o'C^ig$n. lugBffilAR 
l*5cfcO'R2 3^a:^OHC=i>7^>1fC,A^ friB^EU^' 



(4) 



1^9] R2/R1= (Ra-Rs)/Rs 

[?i 1 0 } C 1 *R 1 = C [ (RoR.) /RJ 

^ mJie WIS t fu isffi:^ y-h't (omftcmm ? 
n/cffiCiRs?:W^^tgtn:g^li;i. fj ISI? 2 - K 

[0 00 n 

[0 00 2] 

[0 00 3] ffl^tc J: oT^. -BMMi^co:^ -f- y :7't^^ 

[0 0 0 4] :g??rmrj£cc^<t7:>^*^<h. 
o'^ttie^ijssts (ESR) K:&ocMi^-r'5o kp^. «s 

(A iio.d) 1 ) nM^^m^in^^mmnm^ 40 
^'^u-^(Dtti;^mE;^>^^^t-r'E>sS:^c!:3^j:^o mn(om^ 

^? <o > ^ ^ ^ > :^ ^ /I ^ S < "T ^ c <b cc J: o r ^ai -r 5 
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5 > v> ;^ cDWRR^c X ^ > yiSS^^ J: O' h ^ > >^ >^ 
:S?(D|gatilel58CC*5t'^^mtS(tcJ:-^r$iM?n^o 2#g 

[0 00 5 ] U^*^ U-^(Dffi:^^E?:. 

br?FgoJfife>^ccai:^mEcD<B^?:i^5< *iMf ^(t^l^'iSI 

rAV,„,j {i. u+'^u-^5?(DHi;^mE(l^f±« 
EffiM^igR*-r^4>cD<h'r'E>o ©MMigjt^s^sfe^-r^ 

/c«tB:*J3>f'>1f<OESR<D^^i>r'^)^o Utf^Ltj:i)i 

(SStJj^A^ < 0 . E S R;&5/h^ < J^j:^ ) . 'SL^W^ii^ 
S ( V o 1 u m e ) i^i^t < J^dc 0 . P CtK- FSa^JE 

[000 6] 1 S 

hctst. u^^vi^mEu^^* ^u-tJ' 1 0{i. ^aa 

mEV,„<bSfl6<bcDFBltcg)K$n/c^ v>'^ • ♦ x 
^':;^12^^tf<. Cn«. 2-OCD|H]^WtC^0 
^x.e)n'S>>'^''7-MOSF ET 1 4*5cl:a'l 6CCj:-:>r 
HB^-r-So K5>f>^'(pIKl 8 3&^«JBt§n. MOSFET 

1 4 4dcto'i ^(o—i5i^tc\tmo^'^mcm^m^^. 
r^^-f ^ i:b^Pifii582 0 imMMi^^mmr^. 

2 0\t. ^J^u-y ^lHlffi2 4*>6Sl:r^Sg^^D -;;^ft^ 

*5j:0'|silfi-^#fe^[el5g2 ^i^^h^v^^m^mE^tm 
r'E>mEi:bl5ll2 2^^t?c iiS. [51382 6(3:. ^^*Jt# 

illgLiiitiS2 8^'S^. -:&<DA:^tc*jCit:s*^mEV 
fcj:c>'^2A:^cc4oa^TtU:;bmEVo„.<D^Ea51 

^^mE^^T-S, ^/c/ MOSF 
ET 1 44c$J:(y^l 6(DPacD«^.^,^S&iKSn/ca:^^> 
^^^5?L. ^ffliE^iMtAR.iit^iJJ^jrifSCiLrm 
ur7S$^"Cii'5>tU;':?:3>f'>if 3 0. nc60'cctjtS:^-Y 

[0 00 7 ] Sbf'PtCfcC^-C. MOSFET 1 44octC/l 

J:^w:|gS!i$n. -r^-T-^hbtJ. ^ - r ^ hb^t^ilEl 
582 Otcjrort^S^n^o -r^-f* -/tbti. 1^^^! 

g§2 8 7&i^fi£-r^^^mEtcj^;Dt:^iij-r^» -rv^^ 

':;^>i^i^i6Sir{i. mH3 2<D-?-ncfc»9 4iiS 
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[0 00 8] iE^iJgCi^RsJ^^^^^t^i. \sim2 3(^y^ 

2 b ec7S"rfi?5llSS I ,o.d<o;^f---^ya^b6cS*r5u^' 

[0 00 9] m.tKRs^^'^^'^^Ltmm^fcmmt^ 
citCcfcoT (ai;^5ST-3 4tc*5i^'C) . AVo„,^ia 

^cMr^m^^Kih. A,^.,^Rsfcim<rj:^^ Rs^ 
tli;fjr7>f^>-tfCDE S RtCt3&^^L< T^C <hCC<fc-D 
Rs^<5EfflLncl^«^CCff6n^<fc0 4>. li< 635>^ 

[ 0 0 1 0 ] S 1 (DlHlKO^X.'^.CCOliT. "^(D 1 
4 a4dJ:0'H4 bWi^To CCDii-^. MMmi^ (MA 

b) Vo„, (04a) f)mnim®(^nmr^m 

tc4(5C>rVo„t?!)^S3 si(ci5i-f^J:0i>mi>t. 

?S/cT/ces?>tcti, u^'^u-a? 1 0lJcfc0:^#>'cCtH:tjr3 
>7=>1f«:ffifflU>5:t:rti«J&?>-r. -^CDE S R^ibMW 

a{HWCC^(OE SRCCSttptJ-r-SO-C, CCDf±^^«/c 

[001 1] 0 1 <D(pl3§CD)5Uc7)^J^.'^.6i, iS^iJtgeiflR S 

[0012] U=f U-:S?(0:gMiaigiS§^:?fc#-r'2>CC 
^/c»9, g^f^^r(®/^.S«:fflC»/c#S3&^, D. Gode 
r (D. *5<I:C/W. R. Pe I 1 e t i e r 



(5) 1#ga200 0-2 99 97 8 

8 

<W. R. ^U^r) CD Archi tectu 

re Provides Ultra?Fast Tr 
ansient Response in Switc 
h Mode Power Supplies" (V 

iSigf&S^fc/c^'r) ,HFPC PowerConv 
ersion. 1996^^9.^. Proceeding 

s. 1 9 - 2 3'^->^ccig^$tirii'5o ccDfl^tciatg 

10 F5-<^^'IslK. ^MifiH^. J^j:6Wcl^ 1 CC^U/c 
[0013] cOlHlSScOi^iSlSr^Sti. m 1 cDIel5S<D'?-ti 

AVo„e(7:);^^5tc^i5%^AJ:^cD3(#^>?:cl^o 

[0014] ?iJ<DX-r «^^>d^ • U+'^xlx-t^TT&S^ L. 
Sp a z i a n i (L. :^^^y^r-^) (O "F u e 1 
ing the Megaprocessor ? a 
DC/DC Converter Design R 
30 eview Featuring the UC388 
6 and UC3910" tfy'u-\z ^:;V<Di^m? 
UC3 8 8 6fc<i:0'UC3 9 1 0 ^r^gii "T ^ D C/D 
C^^SSttOtftf*) ,Unitrode Appli 
cation Note U?157.3?541 tjii.^ 

L/3 ? 5 7 o-^->>tciatg$nri^'2>o cc^u^^u- 

40 iSl^*0*tiHS (CSEicurrent sense 
amplifier) ^m^i^X ^ Zy ^M^^^m 

[0015] S6f'pcc:foc:»r . ©1?fMfiS(Di9:^cc,^ o . th 
50 ti'mKam^J^i^. ^smmm^^t-^hcom^mmj^^i^ 
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[0 0 16] 
[0017] 

[SgI^)Bi*-r'2>/c2s?>(O^S] *:|%B^Ji. tB:^=i>7^> 
»3^AC»^iBia^Min (ESR) i pJtg3^j:|5SO^f£(D^ 

[0018] :$^B^cDMtc^iJ<7:)if#^:fe^C>m'^JJ. mi"^ 
[0 0 19] 



(6) 2 0 0 0 - 2 9 9 9 7 8 
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[0 02 0] ®iEtc:^fiX?n/cmEu+'^ u 

t^(DESR (CCXittR, tLXmir^) *5cl:CfA I 
lo.dOffl. IP%, R,*A I ,„.a^Cl?Ulio COl7J«8^ 

20 (c r i t i ca 1 ) J fiiCcrit (tiT-CI*0<i6r 
^) ti±-C$>^lt^. ffi;^mBE{iMtJt7]^CDR.5KA I 

[0 02 1 ] Sf*^JI5CDU=^*^ :&?w<D 

io..cD2f^ccST'^-r^oFfifett*^*)eo :t^t^iife*^;<7" 
30 yy'mc±m-'r^t. v.„,«si*mEj&^6Re*Ai 

m±mtfmi£mmt2 (r.*a i,,.-) i^cc^o 

[0 02 2] fie*SM5<?)U=^*::iU-i>OAVo„e<30;^# 

5 (>mrhmmysm(^c^i±'f^X}^.^^^^LxtD-f)^ ^ tc 
ti. AVo„,(Di±m^mtcrtci^^m^^i>ctf)^xt 

fc. 

[0 02 3 ] Sai^cCjSS^t#^<bCi^gS^««L. C 

50 ncccfc^r. iS/c-r-^^R^-^oAVo.jt^^pjfigcc-r 



(7) 



11 



* 



R.<..., = AV,../A I 
[0024 ].;>c©;^f V flfrili© r >; 7" ^ j 

Ccrit^A I ,„.i/mR.(.ix> 
....o«S^i^§Ui^='>^^'^ESR (5tiCt1-#^ 

^0 02 7 ] <SM/':^>-^'m^E5 a^cC»L115 etc 



[0 02 8] 05dte<i;t>'05eB. u¥;»U-i'(DO 
ga*JC....J:'3<>;«Clrt><!:# (05 d ) *J .fcCJ^C. 30 

[002 9] ^4-©U+'^ u-iJiCjCt-r-5><^3Sefflni», 
DAI ,,.,«:??b«.^:©iwm?&©^^f '-'^'itimKi^tb 

aA5n.5m«©a'h-5iffl^ie©*6^<s^^^^^*- ^ 

It«jJSK:fcW2,?;f aAmiSl*^© 
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J^^ (35/cBTPt) t--5i^-tc. ttJ;»3mEO^S2*-fe'a(C 
f?.. BP^. »7)J^©R.*Al...-S<tm¥*S«:S# 

ffiiJlE (ma X i mum available slo 
p e) J iPf^CilC-r?), 

(00251 i"J^-< ^Jl/^fiCc tB'X©S"C-^^6 

[0 02 6 1 
[!gtl 11 

(*2) 

8?>;^c^{c I ffl I. ^ 6 *x . 
[0 0 3 01 ;^-/-^9^>i^- 1'=*'*^-^"^'*- 

EU=¥^*U-5' (b u c k ? t y P e voltage 
regulator) "CB, mB, J^TCcfc^W:^* 
^,C<tAS-C*'&. V,.t*W,„- V.„t*^i■C•^)•5>lia- 
mBm=V,../L■C^^6^l^.. v...*sv.„-v. 



J;0 fc:^*l<*lS^> mBm= (V,„-V..,) /Lt?-? 
[003 11 i^fl^mEU^^l^-^-^^^ S^«J^:*C 

■5i«^iBB. -e^BaiKcBjESsn^fC^ cnB. ^© 

[0 0321 ;^BB3tcj:^-cafiS^frfe«£2o©saiA.cm 
iS3aigic:vS^06teJ:o'07«:m-r, 06 a B. mti^ 

^^(- (^r^i-^^-^ztCOl^-r, 0 6 b (CTH-rftiW^iiSCCfo 

-r CBC.,,.W±-C*?)©-C, S:^lti:>3mEe^BR 
.>KAl,...iCfi]pg§n^. 07 aB. SiECCliRXSn 

U U - ^' ®tli^ ^ ^ " " ^'^^ 
It-^CC. 07 b®©I§f«Sfe«CteW2.^?^lSi;^7'-:'7'S:^t 

AI ,,!*(CjFtTi.Sfi:©i^iijSlCS?:^^. =i>7^>-9- 
©R,iCj;o-C^-r2>ttX8;^7-v7- ( = R.*A 1 ,..,) 
©}^. v.^.B^.'s^cSmttMliiKiaj^^-^JffiMU^ 'X 



(8) 



13 



AV,„,=A I 



* [0033] 
.,'/2mC + mCR.'/2 
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(«2) 



10 



20 



a?: W-r ^ =1 > f > "9- tr > 3^j: W ntf 3ft 6 C ^±i^r ^ 

or^). jftfe4>^2CCct-or^x.6n^e-^^!HSM 

(optimum response)jtJ>S6a«: 

C.,„= [A I ,o..'/2m + mTcV2 ] /AV, 
CC-C. m«5tW:it»L/c^ieffi. AVo«t«AI,o.a 

[0 0 3 6 ] R^^(7):3>7^>1f<DSSCC>ttL'r. ^3^ 

mt^. TJi/^-=-'j?A (A 1 ) mmn^^y'i^'^. 

-fe^ ^ ^ • n>f^>1t. *5<i:0'0S-C0N (W^^ 

2g(*m^s^W"r^A 1 ) n>7=>it7!?^^^n^o ta;'^ 

(«?ijx.t3:. 2 0 0kHz) -C^. Aim^W:3>7'>1f 

^mmrhmfiii>^$>^. ^mmi^mss^ m^^t. 50 

0 kH z ) riJOS ? C0Nn>f'>1^^$:Mffl-r'5Mr^ 

0 . iSiaiS^a^it ( 1 MH z llLt) r 5 

[0 0 3 7 ] ~Qn>r>ifcoa^^ii!/^u/cift6. 

E 1 OV) A lS{SW=2>7=>-9-«v iRj4 0 

us (Wxti, 2mF x2 OmQ) CDif^B^SI^^W 

1 0 /izFx 1 OmQ) (D«FttB$S»^Wb. OS-CO 
Nn>f">1f(^|^4 /i s (M^l*. 100aFx40m 
Q) CD^ftttB^^Si^WT^. 

[0 03 8] 3MWU/cr3>7=^>1f<DfflJlS«:*f uri^SL 

:g/hESR R.c..o^i;:X<D^-C^^6n€>o 
[0 03 9] 

(!»1 4 1 R.c..o = Tc/C..„ 



30 



40 



[0 0 3 4 ] — Hm<Dfii^m^(DU^*^U-:S?U:*tbr 

(06 a3J/c«07 aCCcfcS) *9^"r^C i^^t? 
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J.. Title o£ Invontloti 

MBTBOD AKD CIRCUir FOR IMPROVZNC VOLTAGE REGUIATOR LOAD 
TRAVSZSNT RS SPOUSE AND MIXTZMZZZKC OUTPUT CAPACZTOR SZZE 

2 Clatvs 

1. A method of .enabling, a voltage regulator to 
employ the smallest possible output capacitor that allows 
the regulator's output voltage to be maintained within 
specified boundaries for bidirectional step changed in load 
current^ comprising the step of: 

compensating a voltage regulator which employs an 
output capacitor (56) and is required to maintain a 
regulated output voltage (V^.^) within specified boundaries 
for a bidirectional step change in load current such that 
its response is flat after its output voltage reaches its 
peak deviation, the output capacitor required to- provide 
said convpensation being the smallest possible output 
capacitor that allows the regulator's output voltage to be 
maintained within said specified boundaries. 

2. A method of minimizing the size of a voltage 
regulator's output capacitor which enables the regulator's 
• output voltage to be maintained viithin a specified voltage 
deviation specification 6V^, for a bidirectional step change 
in load current AIio*j' comprising the steps of: 

calculating a maximum equivalent series 
resistance R,-,..., for an output capacitor (56) to be employed 
by a voltage regulator which provides an output voltage 
<Vo«t) tio-a load (Ri) at an output node (52), said output 
capacitor to be connected in parallel across said load, 
said regulator required to maintain said output voltage • 
within a specified voltage deviation apeclf icatlon AV^^ for 
a bidirectional step change in load currtjnt AI, ^, R , . " 
calculated in accordance with the following: R, 

determining .the . absolute value of the maximum 
available slope of the current injected by the voltage 
regulator toward the parallel combination of the output 

2 
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load and output ceipacitot for a step increase in load 
currenc equal to ^l^^^ and the absolute value of the minimum 
available slope of thft current injected toward the parallel 
combination of tha output load -and output capacitor for a 
step decrease in load current equal to Alio.*. 

determining- which of said absolute values is 
smaller, the smaller of said absolute values being a value 

determining a critical capacitance in 
accocdance with the following ; 0^^,^ = ^^Iio*«i/^*^*[r«M ' 

selecting an output capacitor for connection 
across said load having an equivalent series resistance Ro 
that is slightly less Chan or equal to Kt^^^t and a 
capacitance chat is greater than or equal to C^^t/ 

arranging the output impedance of said voltage 
regulator to be about equal to R,. 

3. The method of claim 2, wherein said voltage 
regulator Includes a controllable power stage (50) which 
provides the regulator's output voltage in response to a 
signal received at a control input (53) and a voltage error 
amplifier (59) connected between said output node and said 
control input, ' said, power stage- characterized by. a 
transconductance g, said step of arranging said output 
impedance to be about equal to accomplished by making the 
gain Kts4 of said voltage error amplifier equal to the 
following: 

Kfs) - {-1/gRJ (l/a+'5R,C) ) 

in. which C a^ld R. are the capacitance and equivalent series 
resistance of the output capacitor employed- 

4. A method of minimizing the size of a buck- type 
switching voltage regulator's output capacitor which 
enables the regulator' s output voltage V,„, to be maintained 
within a specified voltage deviation specification AV^.,, for 
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a bidirectional " step change in load current Alio^o* 
comprising the steps of:. 

calculating a maximum equivalent series 
resistance R«,r„, for an output capacitor (56) to be employed 
by . a curxent-modc controlled switching voltage regulator 
which receives an input voltage ^i,, and provides an output 
voltage to a load fRj.) connected to an output node (S2) 
via an output inductor (L>, said inductor alternately 
connected Co and ground via first and second switches 
(72,74), respectively, said output capacitor to be 
connected in parallel across said load, said regulator 
required to maintain V^, within a specified voltage 
deviation specification AV^^^ for a bidirectional step change 
in load current Aljoeaf ^mui) calculated in accordance with 
•the following: R.,«aK, » aV»uc/AIio»rt/ 

determining a 'minimum Inductance L^^^ for said 
output inductor in accordance with the following: 

i*in ^«uc'^6fr^i*»jci /^flppl».p-p 

where T^tt *^he off time of said first switch and V^epi^^p.^ 
is the maximum allowed peak-to-peak output ripple voltage, 

selecting an output inductor for use in said 
regulator having an inductance LI which is equal - to or 
greater than L».„, 

determining a minimum capacitance C^Ln for said 
output capacitor in accordance with the following: 
C,t« ;aIWCR..««,(V,,,/L1)3 if V,,,<{Vi„-V,„,), and in 

accordance with the' following: 

C^«.- AIu^/(R.,^,, ((Vi.-V^,)/Ll)) if V^,, > V,, - V„,, 

selecting an output capacitor for connection 
across said load having a capacitance C about equal to C^„ 
and an equivalent series resistance about equal to R,(«.hi» 
and 

arranging the output impedance of said regulator 
to be about equal to He. 

J 
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5. A voltage regulator which maintains its output 
voltage within a specified voltage deviation specification 
^v^-t for a bidirectional, step change in load current AIiMd" 
comprising: 

a controllable power stage (SO) characterized b/ 
a transconductance gr and connected to produce an output 
voltage v,^^ at an output node (52) in accordance with a 
signal received at a control input (S3), said output node 
connected to a load (Rt.)/ 

an output capacitor (56) connected to said output 
node and in parallel across said load, said output 
capacitor having an equivalent series resistance R^, and 

a voltage error amplifier (59) connected between 
said output node and said control Input, said controllable 
power stage, said output capacitor and said . amplifier 
forming a voltage regulator required to maintain the 
voltage at said output node within a specified voltage 
deviation specification 6V„^^ for a step change in load 
current AIj^^, 

said output capacitor having a capacitance that 
is equal to or greater than a critical capacitance Ccrit/ in 
which Ccrie is given by the following: C„jt = AI^^^/inR^. where 
in is e<jual to the smaller of Dthe absolute value of the 
maxlniuni available slope of the current injected by the 
voltage regulator toward the parallol combination df the 
output load and output capacitor for a step increase in 
load current equal to aiioMt* or 2] the. absolute value of the 
minimum availeble slope of the current injected by the 
voltage regulator toward the parallel combination' of the 
output load and output capacitor for a step decrease in 
load current equal to Al^oaa' said voltage regulator arranged 
CO have an output impedance which is abouc equal to . 

6. The voltage regulator of claim 5, wherein the 
gain K(s) of said voltago error amplifier is given by the 
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following : 

K{s) o (-1/gR,) (1/(1+SR,C)J 

where g is equal to the transconductance of said 
controllable power stage, and .R, and C are equal to the 
equivalent series resistance and capacitance, respectively, 
of said output capocitor. 

7. The voltage regulator of' claim S, wherein said 
output capacitor has a capacitance about equal to Cede ^nd 
an equivalent series resistance R, about equal to av^^/aIj^^, 
said capacitor being the smallest possible output capacitor 
which enables the regulator to maintain its output voltage 
within av^^j for a step change In. load current Alioae- 

8. A voltage regulator which maintains a regulated 
output voltage within a specified voltage deviation 
specification AV^^ for a step chartge in load. current fllio.^* 
said regulator compriaing: 

a cdntrollAble power stage (100) which provides 
an output voltage (V^^) to a load (R^) at an output node 
(52) in accordance with the Voltage difference between a 
first control input (102) and a second control input (104), 
an output capacitor <56> connected to said output 
node and in parallel across said load/ 

an .rmpedance 21 connected between said output 
node and. a first node (110)/ 

an impedance 22 connected between said first node 
and a reference voltage (V^^j) , 

.a current sensor (106) which has a 
transresistance R, and produces an output voltage (V^^) that 
varies with the output current (I^jt) delivered to said 
load, 

a summing circuit (108) which produces an output 
voltage equal tcf the 'sum of the sensor output voltage and 
the voltage at said output node, said current sensor output 

- >r 



(23) 



!|#Bg20 0 0-299 9 7 8 



voltage aad aaid summing circuit output voltage connected 
to said first and second control inputs, respectively, said 
controllable power stago, said output capacitor, said 
impedances, said current sensor and said summing circuit 
forming a voltage regulator required to maintain the 
voltage at said output node within a specified voltage 
deviation specification AV^u- for a step change in load 
cucrent said regulator arranged such that the ratio 

of Impodances Zl and 22 is equal to the following: 
Zl/22 - lR,(a+3R,C)-RJ/R^ 

where R» and c are equal to the equivalent series resistance 
and capacitance, respectively/ of said output capacitor, 
and where R^ is equal to: 

R,, if C .is equal to or greater than AIio.d/«R«f 
or to: 

Aljo^/2fliC (niC (R.) ) /2AIjo*ar C is less than Al^^^^/mR^, 

Where in is equal to the smaller of l}the absolute value of 
the maximum available slope of the current injected by the 
voltage regulator toward the parallel combination of the 
output load and output capacitor for a ^tep increase in 
load current equal to AZ^^^, or 2} the absolute value of the 
minimum available slope of the current injected by the 
voltage regulator toward the parall^ combination of the 
output load and output capacitor for a step decrease in 
load current equal to 
I 

9. ' The voltage regulator of claim 8, wherein said 
impedance ZI is implemented with a resistor Rl and a 
capacitor. CI connected in parallel, and impedance 22 is 
implemented with a resistor R2,' said resistors* Rl and R2 
and capacitor CI arranged such that the output impedance of 
said voltage regulator is equal to R„, whereby: 
R2/R1 = (Ro - R,)/R,/ and . 
C1*R1 - CI (RoR.)/R,) . 
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10. The- voltage- regulator of claim 8, wherein said 
current sensor and summing circuit comprise a resistor 
having z resistance R, connected between said controllable 
output stage at a- second node and said output node, the. 
voltage at said second node being said summing circuit 
output voltage . 
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3 Detailed Description of Invention 

BACfCGROtmn OF THR TNVEWTION 
Field of Tihe Invention 

"This invention relates to the field of .voltage 
regulators/ and particularly to methods of improving a- 
voltage regulator's rasponso to a load transient. - 

Descripcion of the Related Art 

The purpose of a voltage regulator is to provide a 
nearly constant outpcit voltage to a load, despite being 
'powered by an unregulated input voltage and having to meet 
the demands of a varying load current. 

In sorne applications, • a -regulator is required to 
roaintain a nearly constant output voltage for a step change 
in load current; i.e., a sudden large increase or decrease 
in the load current deoianded by the load. For example, a 
microporocessor niay have a "power-saving mode" in which 
unused circuit sections aro turned off to reduce current 
consumption to near zero; when needed, these sections are 
• turned on. requiring the load current to increase to a high 
value - typically within a few hundred nanoseconds. 

when there is a change in load current, some deviation 
in the 'regulator's output voltage is practically 
unavoidable. The magnitude , of the deviation is affected by 
both the capacitance and the equivalent series resistance 
(CSR) of the output capacitor: a smaller capacitance or a 
larger ES^ Increase the deviation. ' For example, for a 
swi-(;ching voltage regulator (which delivers output current 
via an output Inductor and which includes an output 
capacitor* connected In parallel across the load) , a change 
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In load current (Alio.d) results in a change in the 
regulator's output voltage unless l}the current delivered 
to the load Instantaneously increases by AIm* or 2) the 
capacitance of the output capacitor is so large and its ESR 
is 3o small that the output voltage deviation would be 
negligible. The first option is impossible because the 
current in the output inductor cannot change 
instantaneously.. The time required to accommodate Che 
change la load current can be reduced by reducing the 
Inductance of the output inductor, but that eventually 
requires increasing the regulator's switching frequency, 
which is limited by the finite switching speed of the 
switching transistors and the dissipation in the 
transistors' driver circuit. The second option is 
possible, but requires a very large output capacitor which 
is likely to occupy too much space on a printed circuit 
board, cost too much^ or both. 

Tor * applications requiring the regulator's output 
voltage to meet a narrow load transient response 
specification, i.e., a specification which narrowly limits, 
the allowable output voltage deviation for a bidirectional 
step change in load current, this inevitable deviation may 
be unacceptably large. As used herein, ^^^i/^^" refers to a 
regulator's output voltage deviation specification, as well 
as CO peak-to-peak output voltage deviations shown in 
graphs. " The most obvious solution for improving .load 
transient resportse Ls to increase the output capacitance 
and/or- reduce the ZSR of the output capacitor. However, as 
noted above, a larger output capacitor (which provides both 
more capacitance and lower ZSR) requires more volume and 
more .PC board area, and thereby more cost. 

One approach to improving load transient response is 
shown in . FIG. 1. A switching voltag<B regulator 10 includes 
a push-pull switch 12 connected between a supply troltage V^^ 
and ground, typically implemented with two synchronously 
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switched power MOSFETa 14 and 16, A driver circuit 18 is 
connected to alternately switch on one or the other of 
■ MOSFETs 14 and 16. A duty ratio modulator circuit 20 
controls the driver circuit; circuit 20 includes a voltage 
comparator 22 that compares a sawtooth clock sicnal 
received from a clock circuit ' 24 and an error voltage 
received from a error signal generating circuit 26. 
Circuit 26 typically includes, a high-gain operational 
amplifier 28 that receives a reference voltaye v,.^ at. one 
input and a voltage representative of the output voltage 
at a second input, and produces an error voltage that 
varies with . the difference between and the desired 

output voltage. The regulator also includes an output 
inductor- L connected to the junction between MOSFETs 14 and 
1*6, an, output capacitor 30, shown represented as a 
capacitance C in series with an equivalent series 
resistance and a resistor connected between the. 

output inductor and the output, capacitor. is connected 

to. drive, a load 32. 

In operation, MOSFETs 14 and 16 are driven to 
alternately connect inductor L to Vj„ and ground, with a 
duty ratio determined by. duty ratio modulator circuit 20; 
the' duty ratio varies in accordance with the error voltage 
produced by error amplifier 28. The current in induccor L 
flows into the parallel combination of output capacitor 30 
and load' 32- The impedance of capacitor 30 is much smaller 
at the switching frequency than that of load 32, so that 
the capacitor filters out- most of the AC components of the 
inductor current and virtually all of the direct current is 
delivered to load 32. 

Without series resistor R,,' the voltage fed back to 
circuit 26 is equal to V^^, and the rogulator's response to 
a step change in load current is that of a typical 
switching regulator; a regulator's output voltage V^^^ is 
shown in FIG. 2a for .a step change in load current I^..^ . 
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shown in FIG. 2b". Because the current in L cannot: change 
instancaneously, a sudddn .increase, in causes Vgu, co 

spiJce downward; Che control loop ovontually forces bacic 
to a nominal output voltage V^-. Similarly, when I^^^^ later 
steps down, v,„^ spikes up before returning to V^,. Tho- 
total deviation In output voltage AV^^ for a step change in 
load current is determined by the diXference between the 
two voltage spike peaks. If the regulator is subjecc to a 
narrow load transient response specification, this 
deviation may excdad the tolaranca allowed. 

Connecting resistor R, in series with inductor L (at an 
output terminal '34)- can reduce ^V^^: one possible response 
with Rs included is shown in FIG. 3a for a step change in 
load current shown in FIG. 3b. With R, in place, the 
control loop no longer causes v^^^ to cecov^r to V„o.; rather, 
recovers to a voltage given by the voltage at terminal 
34 minus the product of Aljo*! ^^<^ That is, the steady- 

state value of for a light load will be higher than it 

is for a heavy load, by ali<^*R,. Making R, approximately 
equal to the ESR of the output capacitor can provide a 
somewhat narrower ^V^^ than can be achieved without the use 
of R,. 

0ns disadvantage of the circuit of FIG. 1 is 
Illustrated in FIGs. 4a and 4b. In this case, the load 
current (FIG. 4b) steps back down before (FIG. 4a > has 

settled to a steady-state value. With V^^ higher than it 
was in FIG. 3a at the instant I^^^ falls, the peak of the 
upward V„- spike is also higher, making the overall 
deviation ■ aV^, greater than it .would otherwise be. This 
larger deviation means that to satisfy a particular narrow 
output voltage deviation specification, regulator 10 must 
use a larger - output capacitor that has a proportionally 
smaller ESR. The cost of a capacitor is approximately 
inversely proportional to its ESR, so Chat meeting the 
specification may be prohibitively expensive.' 

// 
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Another .disadvantage of! the FIG. 1 circuit is the 

considerable power dis$ipaLi.on required of series rftsistor 

El,.- Tor example, assuming an of 5 mo and a maximum load 

jcurcent of 14.6 A/ the dissipation in R, will be 1.07 W. 

An approach to Improving a regulator's load transient 

response using a different control principle is disclosed 

in D- Coder and W.R, Pelletier, **\/* Architdcturo Provides 

Oltra-Tast Transient Response in Switch Mode Powor 

Supplies", HFFC • Power Conversion, September 1996 

Proceedings, pp. 19-23. The regulator described Cherein 

includes a push-pull switch/ a driver circuit, an error 

. amplifier, and an output inductor and capacitor similar to 

chose shown in TIG. 1. A signal representing the 

regulator' s output voltage is fed to both the error 

amplifier and -to a voltage comparator which also receives 

the error amplifier's output. When the regulator's output 

voltage exceeds the out.put of the error amplifier r the 

comparator's output goes high and triggers a monostable 

mu lei vibrator, which turns off the upper switching 

transistor for a predota-rmined time interval. 

The transient response of this circuit is designed to 

be faster than that of the circuit, in FIG. 1- A load 

current step, immediately changes the voltage at the 

comparator/ bypassing the sluggishness of the error 

amplifier and thereby shortening the response time. 

However, * even with a shorter response time, the shape of 

the response trace still rosombles that shown in FIG. 3a, 

with little to no improvement in the magnitude of AV^^. 

Another switching regulator is described in L. 

Spaziani, "Fueling the Megaprocessor - a DC/DC Converter' 

Design Review Featuring the UC3886 and UC3910", Dnitrode 

Application Note U-157/ pp. 3-541 to 3-570. This regulator 

employs a control principle known as "^average current 

control", in which regulation is achieved by controlling 

the average value of the current in the output inductor. 

/J- 
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A resistor is ebnrtected in series • with the regulator's 
output inductor, and a current sense amplifier (CSE) is 
connectsd across the • resistor to sense the inductor 
current. The output of. the* CSE is fed to a current error 
amplifier along with the output, of a voltage error 
amplifier that compares the regulator's output voltage with 
a refearence voltage.. A comparator receives the output of 
the current errpr amplifier at one input and" a sawtooth 
clock signal at its other input; thd comparator produces a ■ 
pulse-width modulated output to drive a pU5h*pull switch 
via a driver circuit. 

In operation, an increase in load current causes an 
output voltage decrease/ increasing the error signal from 
the voltage error amplifier. This increases the output 
from the current error amplifier, which in turn causes the 
duty ratio of the pulses produced by the comparator to 
increase. This increases the current in the output 
inductor to bring up the output voltage. The voltage error 
amplifier is configured to provide a non-integrating gain, 
and this, in combination with average current control, 
gives the regulator a finite and controllable output 
resistance. This permits * the output voltage to be 
positioned, similar 'to the way in which series resistor R, 
affected the response of the FIG. 1 circuit. However, as 
is clearly shown in TIG. 32 of the reference, the 
obtainable response again resembles that of FIG. 3a, with 
a dVaui that may still exceed a narrow output voltage 
deviation specification. 

SUMMARY or THE TMVEMTTQN 

A method and circuit are presented which overcome the 
problems noted above, enabling a voltage regulator to 
provide an optimum response to a large bidirectional load 
transient while using the smallest passible, output 
capacitor. 
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The invention is intended for use with voltage 
regulators for which output capacitor size and cost are 
proforably mlniraized, ■ which must maintain its output 
voltage within specified boundaries for large bidirectional 
step changes in load current. These goals are achieved by 
employing an output capacitor that has* a combination of the 
largest possible equivalent series resistance (ESR) and 
lowest possible capacitance chat ensures chat the peak-to- 
pealc voltage deviation for a bidirectional step change in 
load current is no greater than the maximum allowed, and by 
con\pensating the regulator to ensure a response that is 
flat after the occurrence of the peak deviation - referred 
to herein as an "optimum response". When these conditions 
are met^ the regulacor's output capacitor will be the 
smallest possible capacitor which enables the output 
voltage to stay within the specified boundaries for a 
bidirectional step change in load current. The invention 
is applicable to both switching and linear voltage 
regulators. 

Further features and advantages of the invention will 
be apparent to those skilled in the aft from the following 
detailed description; taken together with Che accompanying 
drawings. 

^frg;£r nr scRiPTiOM or the drawings \ 

FTISw^ is a schematic diagram of a prior art^^/itching 

voltage regulu^or circuit. 

riGs. 2a ano^St^are plots of outpX><vol tage and load 

current, respectively/^'tQr a pripr^rt . voltage regulator 

circuit which does not inclup^^^^resistor connected between 

its output terrninal artfl'-l!!ts output>s4pacitor . 

riGs . 3a an^x^SD are plots of ourtput^^^l tage and load 

current, re^jptfctively; for a prior art volt^^«s^egulator 

circuip.^<?hich does include a resistor connected betwfeen its 

out^t terminal and Its output capacitor. , 
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PFTATT.Pn DESCRIPTTQM OP THF. TNVFNTmN 

The present invention provides a. means of determining 
tho smallest possible capacitor that can be used on the 
output of a voltage regulator in applications requiring 
large bidirectional step-like changes in load current, 
which enables the regulator' s output voltage to remain 
within speciried boundaries for a given step size. A given 
step change in load current Is identified herein as AIi.^, 
and the allowable output voltage deviation specification is 
identified as ^V^t- -^^ used herein, the ^^smallest possible 
output capacitor'' refers to the output capacitor having the 
smallest possible capacitance value and the largest 
permissible ESR value which enable the regulator to raeet 
the fiV^^ speciricacion. Because the cost of a capacitor 
tends to be inversely proportional to its ESR and directly 
proport Tonal to its capacitance, and because space is 
nearly always at a premium on a circuit board, "Che 
invention makes it possible for the output capacitor's cost 
and space ' reguir'ements to be minimired. 

The invention cakes advantage of the realization that 
there is a smallesc possible output cajpacltor that, when 
used with a properly configured voltage regulator, enables 
the regulator to meet a given flV,„j specification. 
Neglecting the effect of the output capacitor's equivalent 
series inductance, a . step change in load current ^I>o*d 
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causes an initial change in the output -voltage of a voicage 
regulator that is equal to the product of the capacitor's 
ESR (identified herein as R.) and AI,o.o' R**Alui«. 
This initial change occurs for both upward and downward 
load current steps. If the output capacitor's capacitance 
C is equal to ctt greater than a certain '^critical" value 
Cent (discussed in detail below » , the output voltage 
deviation may not exceed the initial change. If c 

is less than C„it/ the output voltage deviation continues to 
increase after the initial R^*^!^^ change before beginning 
Co recover. 

Prior arc regulators are typically designed to drive 
the output voltage back towards a nominal value after the 
occurrence of a load transient. Doing so. however, can 
result in an overall output voltage deviation av„„ of up to 
twice R,*ar^o.«-" when the * load current steps up, drops 
from the nominal voltage by R.^AI^^. If the load current 
stays high long enough, the regulator drives back toward 
the nominal voltage. Now when the load current steps back 
down, V„„^ spikes up by R.*AIi^, resulting in a total output 
voltage deviation of 2(R«*AI^„^). 

Having recognized the adverse implications of prior 
arc regulator control methods on the magnitude of AV^^, it 
was realized- that an optiraum load transient response - 
i.e., the response that produces the smallest output 
voltage "deviation av„, - is a respons'e which remains, flat 
at the upper voltage deviation boundary after a downward 
load current step, and. - remains at tho lower voltage 
deviation boundary after an upward load current step. The 
present invention provides a method of configuring the 
regulator so that its load transient response is at or near 
this theoretical optimum. Also realized was that the 
output capacitor needed to achieve this response is the 
smallest possible capacitor that can be used to meet- the 
^Voi,t specification. 
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A number of seeps must be performed to achieve the 
goal of providing the optimum response and thereby 
identifying the smallest possible capacitor which enables 
a given AV/^ speciii cation to be met.. A' maximum equivalent 
series resistance R,tmi-*i first determined fo£- the outpuc 
capacicor that will be employed by a voltage regulator 
subject to a specified voltage deviation specification ^^^-m 
for a bidirectional step change' in load current Ali^. In 
accordance with Ohm's Law, R«„„,,> is given by: " 
aV,„/6li„o; if the output capacitor's R, is any greater than 
R.tMKi/ the initial deviation in for a step* change in 
load current equal to Alioaa is guaranteed to exceed aV,^^. 

The next, step is to determine the **critical" 
capacitance value C^tn nientioned above. The critical 
capacitance is the amount of capacitance that, when 
connected in parallel across a load driven by a voltage 
regulator (as the regulator' s output capacitor), causes the 
output voltage to have a zero slope - i.e., to become flat 
after ' the initial change ~ when the current 

injected by the regulator towards the parallel combination 
of load and output capacitor ramps up- (or down) with the 
maximum slope allowed by the physical limitations of the 
regulator. The maxiJhum slope allowed by the physical 
limitations of the regulator is referred to herain as the 
^^maximum available slope". 

The* critical capacitance C^pit Is given by: 

tnuxj ( Eq . I ) 

where AI,^ is the largest expected load current step, R,,^, 
is the maximum allowable output capacitor CSR (calculated 
above), and /a is a slope value associated with the current 
injected toward the parallel combination of the output 
capacitor and output load; m and the method of determining 
its value are discussed below. 

The slope parameter m is illustrated in riGs. 5a-5c. 
TIG. Sa depicts Che load current waveform for an upward 
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seep. riG. Sb shows, the current injected by the regulator 
toward the parallel combination o'f output capacitor and 
output .load when the regulator produces output current at 
the roaxi.mum available slope m* FIG. 5c shows the current 
in tho -output capacitor, which is equal to the difference 
between the load current and the injected current. 

riGs. .5d and 5e illustrate how the si^e of a 
regulator's output capacitor affects V.,« when its 
capacitance C is greater than Cerie (TIG. Sd) and less than 
Ccfit (FIG. 5e) , and the regulator injects a current toward 
the parallel combination of capacitor and load with the 
maximum available slope. When C > C^^^, begins to 

recover immediately after the occurrence of the initial 
change. However^ when C < Q„u, the output voltage 
deviation continues to increase after the initial &Ju*J^ 
change, .before eventually recovering. 

The slope value m for a given regulator depends on its 
configuration. In -general, n is established by: 

1) determining the absolute value of the maximum available 
slope of the current injected by the voltage regulator 
toward Che parallel, ccmbination of the output load and 
output capacitor for a step increase in load current equal 

to ^^IlMdf 

2) determining the absolute value of the mlnimuni available 
slope of the ■ current injected toward the parallel 
combination of the output load and output capacitor Cor a 
step decrease in load current equal to AIiq^^. A step 
decrease in load currenc results in an injected current' 
which has' a negative slope. For this step, then, the 
"minimum available slope* . . . for a step decrease in load 
current'' is equal to the most negative slope, 

3) determining which of the two absolute values is smaller 
- this is the "worst case", maximum available slope. The 
smaller of the two absolute values is the value m which is 
to' be used in the equations found herein. 
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In a switching regulator, Che worst -case maximum 
available slope a La clearly defined by ics input valcage 
v^^, its output, voltage V^^, and the inductance L of its 
output inductor. Tor example, for -a buck-type voltage 
regulator, m can bo determined in accordance with the 
following: when V^^. Is less than V^. - V^^, m is given by ra 
- V„^,/L. When V,^, is greater than V^, - V^^, m is given by 

For linear voltage regulators, the worst-case maximum 
available slope is not as clearly defined. It will depend 
on a nuinber of. factors, including the conipensation of its 
voltage error amplifier, the* physical characteristics of 
its semiconductor devices, end possibly the value of the 
load current ae well. 

The two' optimun load transient responses achievable 
with the present invention are depicted in FIGs . 6 and 1. 
FIG. 6a depicts the optimum load transient response to a 
bidirectional step in load current shown in FIG. 6b, for a 
properly configured regulator when the capacitance C of its 
output capacitor is equal to or greater than C^tii. Because 
C is equal to or greater than Cedc^ the maximum output 
voltage deviation is limited to R,*AIio.d- FIG. 7a shows the 
optimun load transient response to a bidirectional step 
change in load current AIx,*. in FIG. 7b, when the 
capacitance of a properly configured regulator's output 
capacitor is less than C^ric-. After the initial step 
(-Ario»d*R.) caused by the capacitor's R^, V«,, gradually 
declines to a steady-state value, and then remains flat at 
the steady-state value until the load current steps back 
down. rt can be shown that the peak. voltage deviation AVq«c 
in this' case is given by: 

0V«.. » AIi«,//2idC + jnCR«V2 (Eq- 2) 

where m and Ali,to '^ame as In equation 1, and C and 

are the capacitance and ESR, respectively, of the output 
capacitor employed. If a capacitor with, a capacitance less 
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Chan Ce,i, rausr be used, the invention stili provides a 
method that ensures- that the peak voltage deviation given 
by equation 2 is not exceeded. Thus, as used herein, an 
"optiraura responsC*^ for a regulator having an output 
capacitor with a capacitance greater than Ccpic as shown 
in "riG. 6a, in which the regulator responds to. a load 
current step of size AIj^ with an initial output voltage 
deviation equal .to Al|„d*f^.' then .remaining, flat until 

the next load current step, ffhen the output capacitor has 
a capacitance less than Ccnf an optiirtuin response is as 
shown in FIG. 7a, with a peak output voltage deviation 
given by equation 2, and. then remaining flat until the next 
load current step. 

Once the value of m has been determined for a given 
regulator^, the minimum size capacitor that provides an 
optimum response (per FIG. 6a or FIG. 7a) can be 
determined. The rainiroum size capacitor is one which has a 
combination of capacitance C and CSR R« that satisfies the 
following equation: 

C„tn - [Alio«j'/2in ^ iKI^^/2\ /6>V^^ (Eq, 3). 

where m is the slope value calculated above, AVqu^ is the 
maximum allowed voltage deviation for a step change in load 
current equal to Glioma* and Tg is a characteristic time 
constant (discussed below) , 

for any given capacitor type, there exists a minimum 
size that satisfies equation 3. Capacitor types include, 
for example/ aluminum (Al) electrolytic capacitors, ceramic 
capacitors, and OS-CON (Al" with an organic semiconduct ive 
electrolyte) capacitors, . The selection of an output 
capacitor type is driven by a number of factors. For a 
switching regulator, one important consideration is 
switching frequency- Low-J!requency designs (e.g., 200 kHz} 
tend to use Al electrolytic capacitors, medium- frequency 
designs (e.g., 500 kHz) tend to use OS-CON capacitors, and 
high-frequency designs (1 MHr and above) tend to use 

-i-a 
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ceramic- capacitors. 

Once a capacitor type has been selected, iC3 
characcerlscic time constant is determined/ which is 
given by the product of it3 ESR and its capacitance. 
Because a capacitor's ESR tends to decrease as its 
capacitance increases,. .T« tends to be about constant for 
capacitors of a given type and voltage rating. for 
example, standard low-voltage (e.g., 10 V) Al electrolynic 
capacitors have characteristic time constants of about 40ps 
<e.g., 2mF x 20mQ) , ceramic' capacitors have characteristic 
time constants of about lOOns (e.g., lOpT k lOn^) , and OS- 
CON capacitors have characxer is tic time constants of about 
4us (e.g., lOOgF x 40M) . 

With Te determined for the selected capacitor type, a 
minimum capacitance is established in accordance with 
equation 3. A-raaximum ESR R«(kui is then given b/: 

A capacitor having a capacitance C -equal to or preferably, 
greater than C^^, and an ESR equal to or, preferably, 
slightly less than R,\»,„, is used as the regulator's output 
capacitor. If C is equal to or greater than the Ceru value 
calculated above, a response per FIG. -Sa is obtained; if C 
is less than C„ie, a response per FIG. 7a is achieved - 
Using an output capacitor having a capacitance equal to C^^^ 
and an ESR equal to R.jr[,>:» is permissible, but is nor 
recommen'ded . Doing so is a poor design practice which 
leaves no safety margin against tolerances and changes with 
age, temperature, etc. On the other hand, selecting a 
capacitor with an ESR that is much smaller than R,t„„, is 
also not I recommended, since a capacitor with a lower ESR 
tends to cost more. Note that once the output capacitor's 
CSR value is esrablished, its capacitance C is largely 
determined by the chojLce of ^capacitor type. As such, C may 
be much greater than Ccri^f but within the selected capacitor 
type the size of the capacitor is still minimal. 
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Having selected the output capacitor, the voltage 
regulator needa to be , configured such t.hat its response 
will have the optimum shape shown in FIG. 5a (if C > CccLcJ 
or FIG. 6d (if C < Ccrit) . If C > c^rvt* th© optimum response 
is achieved by configuring the voltage regulator such that 
its output impedance (including the impedance of the output 
capacltior) becomes resistive and equal to the ESR of the 
output capacitor. If C < Cd,* the optimum response is 
ensured only by forcing the regulator to inject current to 
Che combination of the load and the output capacitor with 
the ma}<imum available slope until the peak deviation is 
reached. For this case an optimum output impedance cannot 
be defined because the regulator operates in a nonlinear 
mode for* part of the response, but Che output Impedance can 
still be selected co provide an approximately optimal 
response. 

One embodiment of a voltage regulator per the present 
invention is shown in PIG. 8. A controllable power stage 
SO is charactorized by a transconductance g and produces, an 
output V„„^ at- an output node 52 in response to a control 
signal received at a control input 53; power stage SO 
drives a load 54. An output "capacitor 56 is connected in 
parallel across the load, here shown divided into its 
capaclt±ve C and equivalent series resistance R» components. 
A feedback circuit ,5S is connected between output node 52 
and control input S3 . ' 

Feedback circuit S8 can include, for example, a 
voltage error amplifier 59 connected to receive a signal 
representing output voltage V^^^ at a first input 60 and a 
reference voltage at a second inpuc, and producing an 
output 62 which varies with the differential voltage 
between its inputs. For the eEnbodiment shown in FIG. 8, an 
optimum load transient response - i.e., per FIG. 6a if 
capacitor 56 is equal to or greater than Ceru and per FIG. 
7a is capacitor 56 is less'_ than C^rtt " is achieved by 
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compensating volcage 'ecror amplitiex 59 such that ICS gain 
K(5) is given by: 

K(s) - -(1/gRJ (l/d + sRiO) (Eq. A] 

where g ia the t ranaconduccance of the controllable power 
stage 50, C and R« are the capacitance and ZSR o£ output 
capacitor 56, respectively^ s is the complex frequency, and 

is a quantity given by: 
.Ro « if C i Cc,,,, or iZq. 5) 

Ro = (AI.«^/2jaC) rmCR,V2Ali^o), if C < C„u i^<l' 6) 

where C and are the capacitance and ESR of output 

capacitor 56, respectively, m is the absolute value of the 
smallest slope of the current injected toward the parallel 
combination of output capacitor 56 and load 54 (as 
discussed in connection with the determination of Cdc) * ' and 
61 19^4 is the largest load current step which the regulator 
is designed to accomraodate. 

The value of R^ defined in equations 5 and 6 is a 
measure of the peak voltage deviation of the regulator. 
When c is greater than or equal to C„U' and the gain Kis) 
of voltage error amplifier 59 is as defined in equation 
the combined output impedance of the regulator and the 
output capacitor 56 will be equal to the equivalent series 
resistance R. of the output capacitor. Therefore^ the peak 
voltage deviation will be ^lio*a*Ki which is .equal to 
Alip„*R, when- C C^tu- 

When C is less than C.^i,, and the gain K(s) of voltage 
error amplifier 59 is as defined in equation 4, the peak 
voltage deviation AV^^ will be as defined in equation 2 
The system is nonlinear when C is less than Cg^i^, and as 
such the regulator cannot achieve the optimal transient 
response shx>wn in FIG. 6a. However, compensating^ voltage 
error amplifier 59 to yield the transfer function given by 
equation 4 provides a transient response that is as close 
to FIG. 6a' & ideal response as practically possible. 

^3 
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Controliablo power 3Ca9e 50 is not limited CO any 
particular configuration. .In FIG. Q, power stage 50 ts 
configured to provide current-mode concroi? the- power stage 
includes a current sensor 64 which has a transresistance 
equal co R. and which produces an output signal 'that varies 
with the power stage's output- current, a current .controller 
66 which receives the output of the current sensor and the 
output 62 of the voltage error amplifier as inputs and 
produces an output 67, and a power circuit 68 which 
receives output 67 from the current controller and produces 
output voltage in response. The invention is applicable 
to bath linear and switching regulators: in linear 
regulators, power circuit 68 is a series pass transistor 
and current controller €6 is an amplifier. For a switching 
regulator, power circuit 68 can have any of a large number 
of topologies^ containing components such as controlled 
switches, diodes, ' inductors » transformers, and capacitors. 
For example, a typical power circuit for a- buck-type 
switching regulator is shown in FIG. 1, which includes a 
pair of controlled switches 14 and 16 and an output 
inductor L connected between .the Junction of the switches 
and the regulator's outpui; . 

The current controller ' 66 for a switching regulator 
can be of two types: instantaneous and 'average. 
Instantaneous currant control has at least six difrerent 
subtypes! as described, for example, in A. S. Kislovskl, R. 
Redl, and N. O. Sokal, Dynamic analvni.i .^vi rrr>,i nQ-mnri^ 
DC/DC converrei-s. Van Nostrand Rdinhold <19$l>, p. 102, 
including constant oCC-tlme peak current control, constant 
on-time valley current control, hysteretic control, 
constant frequency peak current control, constant frequency 
valley current control, and PWM conductance control. 
Instantaneous current, controllers can typically change the 
current in the output inductor within one switching period, 
while changing the inductor current with average currenc 
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control usually takes several periods. For • this reason, 
instantaneous current control is preferred, but average 
current controllers can also be used to implement the 
present invention if the current-controlling loop has 
sufficiently fast response; however, such implementations 
suffer from the drawback of requiring a current error 
arnplifiec, which increases the complexity and cost of the 
regulator circuit. 

PIG. 9 is a schematic diagram of one possible 
'implementation of a switching voltage regulator per the 
present invention. In this embodiment, feedback circuit 58 
Includes voltage error amplifier 59, which is made up of an 
operational amplifier 70, an input resistor R^, a feedback 
resistor' Ra,. and a feedbaclc capacitor C, . Power circuit 68 
includes a pair of switches 72 and 74 connected berween v^^ 
and ground/ with the junction between the switches 
connected to an output inductor L. Current sensor 64 .Is 
implemented with a resistor 7 5 having a resistance R^, 
connected in series between inductor L and output node 52 . 

Current controller 66 is a constant off-time peak 
current control type controller, which includes a voltage 
comparator 76 with its inputs connected to the inductor 
side of resistor 75 and to the output of a summing circuit 
78. Summing circuit 78 produces a voltage at i'cs output Z 
that is equal to the sum of the voltages at its X and Y 
inputs; is connected to receive the output 62 of voltage 
error amplifier 59, and Y is connected to the output side 
of current sense resistor 75. Summing circuit 78 can also 
include a gain stage 80 having a fixed gain k, connected- 
between the output of voltage error amplifier 59 and its K. 
input; the gain k should be significantly less than unity - 
e.g. 0.01 - if the output voltage V^^^ ^he reference 

voltage V,.^ are expected to be nearly equal. The output of 
comparator 76 is connected to a monostable multivibrator 
B2-, the output of which is fed to a driving circuit 83 via 
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a logic inverter 84." Driving circuit 83 includes upper 
driver BS and lower driver 8.8, which drive switches 72 and 
74, respectively, of power circuit 68. 

The operation of the switching regulator circuit of 
FIG. 9 is as follows: when Zhe product of the current: iri 
inductor L and che resistance R, of rosistor 75 exceeds cn^ 
error voltage produced by voltage error amplifier 59, the 
output of voltage comparator 76 goes high and triggers 
monostable multivibracor 82. Logic inverter 84 inverts the 
high output' of multivibrator 82, which causes upper driver 
86 to turn off upper switch 72 and lower driver 88 to turn 
on lower switch 74. As a result, the current in inductor 
L begins to decrease. Monostable multivibrator 82 has an 
associated timing interval T.«; after timing interval T,^, 
has expired, the states of switches 72 and 74 reverse, and 
the current in inductor L begins to increase. When the 
inductor current exceeds the threshold of cotiqparator 76^ 
the cycle repeats. Output voltage regulation is achieved by 
changing the threshold of voltage comparator 82 with the 
error voltage from error amplifier 5d via susuning circuit 
78. 

When configured per the present invention, the 
Bwitching voltage regulator of TIG. 9 provides a nearly 
optimum load transient response, as illustrated in the 
simulated plots of load current and output voltage 

shown in FIGS. 10a and 10b, respectively. In this example, 
the load current changes from- O.SS A to 14.56 A and bade 
= 14 A) and the allowable output voltage deviation 
is 0,07 V. The parameter values of the ■ switching 
regulator are as follows: 

- 5 V; V,^f - 2.8 V; L - 3 pH; C - 10 mF; - 5 mQ; 

5 mQ; k - 0.01; AI^^^ - 14 A; AV,^^ « 0.07 V 
Mote that the output capacitor's is within the 

acceptable range defined by R,t«.x»-AV,yc/Alio«i/ equal here to ' 
0.07V/14A e 5 mQ. . 

>4 
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Tor this example, '"V^^rJ greater than V^, - V,„^, 

so Chat.Ai is given by:. 

m =• {Vi^ - V^^J./L = ((5-2.8)V)/3uH = 0.733 A/ps". 

From equation 1* the critical capacitance C„it is given by: 

Cciz « 14 A/{ {0.733 A/ps) (5 mQ) I - 3.818 mF. 

Since 10 raF is greater than 3.818 mT, C is greater than C^i, 

and thus Rp (as given by equation SI is to be made equal to 

R,. This is accomplished by compensating voltage error 

amplifier 59 as needed Co obtain the transfer function of 

equation 4. When voltage error amplifier 59 is implemented 

as shown in FIG. 9, this compensation is achieved when the 

following two equations are satisfied: 

k-^lRa/Rl) » l/Cg-Rs) (Eq. 7) 

B»*C - R2*ci <Eq. 6) 

The value of gr is determined by the transresistance of 
current sensor $4 and the .implementation of current 
controller 66. If the first stage of the current 
controller is a voltage comparator (as heret , g Is equal to 
Che reciprocal of Che transresistance of current sensor 64 . 
When the currenc sensor is implemented with a resistor, the 
transresistance is simply the resistor's resistance (thus, 
gr a l/Ry in this example) . 'In this example^ equations 7 and 
8 are satisfied when the following component values are 
used: 

R, = 1 kQ; R, = 100 kO; CI - 500 pF. As the waveform of 
FIG. 10b shows, the output voltage response corresponds to 
a resistive output impedance of 5 mO, which is also equal 
to the ZSR of the output capacitor. 

An alternative implementation of feedback circuit 38 
is shown in FIG. 11, in which voltage error amplifier 59 is 
implemented using a transconductance amplifier 90. h 
transconductance amplifier is characterized by an output 
current that is proportional to the voltage difference 
between its non-inverting and inverting inputs',- the 
proportioncility factor between the output current and the 

>-7 
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input difference voltage is the amplifier's 
transconduccance g„.. .The voltage gain of* a 

transconductance-type voltage* error amplifier ia equal to 
the product of the irrq^edance connected to the output of 
transconductance amplifier 90- and the transconductance g,. 

The voltage error aunplifter iinplementations shown .in 
riGs. B and 11 are equivalent when the following three 
equations are satisfied: 

g<,((RiR.)/(R3+R,)] = Rj/Ri - (Eq. 9) 

v«CR,/(R3+R.)} - v^r {Eq. 10) 

C,[(R,R,)/(R,+R4) } - CjR, (Eq. 11) 

Thus, the transfer function defined in equation 4 is 
obtained for voltage error amplifier 59 shown in FIG. 11 
when each of equations 9« 10 and 11 are satisfied. 

The invention is not limited to use with current-mode 
controlled voltage regulators that include a voltage error 
amplifier. One possible embodiment of the inven'tion which 
uses neither current^raode control nor a voltage error 
amplifier is shown in FTG. 12. In this embodiment, a 
controllable power stage 100 produces an output voltage 
in accordance with the voltage difference between a pair of 
inputs 102, 104; the power stage includes a power circuit 
68 controlled b/ a fast voltage controller 105 which 
receives the inputs. In a switching voltage regulator^ 
fast voltage controller 105 is characterized by rapidly 
increasing the duty ratio of the pulse train at its output 
when an appreciable positive voltage difference appears 
between inputs 102 and 104. In a linear voltage regulator, 
Cast voltage controller 105 would typically be implemented 
with a wide-band operational amplifier. 

The embodiment of FIG. 12 also . includes a current 
sensor 106 having a -transresistance R. connected in series 
between the output of the power stage 100 and output node 
52, which produces an output that varies with the 
regulator's output current. The current sensor's output is 
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connected' to one' input of a summing circuit 108, and a 
second* summing circuic input is connected to output node 
52. The summing circuic produces an output voltage equal 
CO Che sum of its inputs, which is connected to input 102 
of power stage 100. 

Inpu.t 104 of power stage XOO is connected to a. node 
110 located -at the junction between a pair of impedances Zl 
and Z2, which are connected in series between output node 
52 and a voltage reference 112. When a regulator is 
configured as shown in FIG. 12, an optimal transient 
response is obtained by arranging the ratio between the two 
impedances Z2/Z1 in accordance with the following: 
Z2/21 = .fR.(l+3R.C)-RJ/R. (Eq. 12) 

where R^ is defined by equations 5 and 6, R, is the 
resistance' of current sensor 106, and R. and C are the ESR 
and capacitance of the output capacitor 56 employed. 

One implementation of the voltage regulator embodiment 
of riG- 12 is shown in TIG. 13. Fact voltage controller 
105 is implemented with a hysteretic comparator 130, the 
output of which Is connected to a driving circuit 132 which 
includes an upper driver 134 and a lower driver 136. Power 
circuit 68 includes an upper switch 138 and a -lower switch 
140, which are driven by drivers. 134 and 136, respectively, 
and. an output inductor L is connected to the' junction 
betwean the switches. The hysteretic comparator 130. 
monitors ^ the output voltage and turns off the upper switch 
when the output voltage exceeds the upper threshold of the* 
comparator. The upper switch is turned on again when the 
output vdltage drops below the comparator's lower 
threshold. 

Current sensor 106 and summing circuit 108 are 

implemented with a series resistor 142 having a resistance 

R,. .Inpodance Zl is implemented with a parallel combination 

of a capacitor and a resistor R(, and impedance Z2 is 

Implemented with a resistor R<>. 

jx,9 
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For the outpuc inpedance of the switching regulator of 
riG. 13 to be equal- CO the resistance the ratio- of the 
resistances of resistors -and R, must be 
given by: 
Rt/R, « (Ro-R.)/R,. 

and che product of the capacitance of capacitor C, and the 
resiscance of resistor must be given by: 

As is readily apparent to those skilled in the art of 
voltage regulator design, the voltage regulator embodiments 
and implementations discussed. above are merely 
illustrative- Many other circuit configurations could be 
employed to achieve the invention's goals of optimum 
transient response and smallest possible output capacitor, 
as long as the Inventive method is practiced as described 
herein. . 

The inventive method described herein can be presented 
as a general design procedure, applicable to the design of 
both linear and switching voltage regulators and 
accommodating the use of output capacitors having 
capacitances that are both greater than and less than the 
critical capacitance defined above. This design procedure 
can be practiced in accordance with the following steps': 

1. Select a type of capacitor (such as Al 
electrolytic, ceramiC/ and OS-CON capacitors) to be used as 
the output capacitor for a voltage regulator required to- 
maintain a regulated output voltage within a specified 
voltage deviation specification aVo„^ for a step change in. 
load current l^liom^. 

2. ' Determine the characteristic time constant Tc for 
the selected capacitor type, which as explained above, is 
defined as the produce of its ESR and its capacitance.. 

3. Determine .the absolute value of the maximum 
available slope of the current injected by the voltage 
regulator toward the parallel combination -of the output 
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load and outpuc capacitor foe a step increase in load 
current equal co AIio,^, and the absolute value of che 
minimum available slopo. of ths current injected toward, the 
parallel combination of the output load and output 
capacitor for a step decrease In load current equal to 
^iio«o- This is the done as described above in connection 
with equation 1, 

A, DetermjLne which of the t^to absolute values is 
smaller. The smaller absolute value is identified as m. 

5. Determine a first capacitance Cq in accordance 
with Che following: Cq - H^li^^^^/lm + fflTgV21/AV^^. 

6. Determine a resistance R»o in accordance with the 
following: = TJC^. 

7. • Determine a critical capacitance value c„it i" 
accordance with the following: C„i» = Arx^/iDR.o. 

8. If Ca < ^ericf use an output capacicojr having a 
capacitance about equal to Co and an equivalent series 
resistance R^^ about equal to R,o. 

If Co i ^cric output capacitor having an 

equivalent series resistance «bout equal to OV^^/aI.^^ 
and a capacitance C2. about equal to T^/E^q. 

9. Determine a resistance in accordance with the 
following : 

If Co < C„i,: R, « Ari,„/2«C» + fjnC|(R,»)}/2AIj^,a. 
If C<, i C^^^,: - 

10. Arrange the voltage regulator such that its 
output impedance, defined before its connection to' the 
output capacitor used, is about equal to the series 
combination of resistance R<» and an inductance L^, with 
given by che following: 

If Cg < C„i,: - C,-R.,*Ro. 
If Co 2 C«ic: U « Cj*R.3*R,. 

This Step is. accomplished by making the transfer function 
for the regulator's feedback circuit correspond with 
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equoCion in accordance with, the merhods described above. 

Note that time constant. (or its constituent factors 
C and R^) Is not a precisely defined quantity for a 
particular capacitor type. A number of factors/ including, 
manufacturing tolerances, case size, temperature and 
volcage rating, can all affect T^. Thus, in a practical 
design » the parameter used in the calculations should be 
considered as an appcoxiittate value, and a number of. 
Iterations through the design procedure may be necessary. 

The inventive method can also be presented as a 
procedure specifically directed to the design of a buc)c- 
type switching voltage regulator employing current-mode 
control, which minimizes the size of the regulator's output 
capacitor while ensuring that its output voltage V^^^ is 
maintained within a specified voltage deviation 
specification flV^^ for a step change in load current &Li^, 
This type of regulator has a pair of switches connected in 
series between an input voltage V^^ and ground, with the 
junction between the switches connected to an output 
induccor. The switches axe driven to alternately connect - 
the inductor to V^^ and to ground. Mote that the design 
procedure below is applicable only for the case when C > 
C«ft* and as such it achieves the optimum load transient 
response shown in FIG. 6a; a , buck-type regulator employing, 
currenc-mode control could also use an output capacitor 
having a' capacitance less than C^dt, - and thereby achieve 
the optimum response, shown in FIG. 7a. - by following the 
design procedure described above. The design procedure 
applicable, when C > C^.^^ can be practiced by following the 
seeps below: 

1. Calculate a maximum ecfuivalent series resistance 
Rt<***, for the regulator's output capacitor in accordance 
with the following: lleiJxi • AV^ug/AIia^^,, 

2. Determine a minimum inductance for the 
regulator's output, inductor in accordance with the 
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following: l^^„ = ' ( V,„cTp„R„«4,, ) /V,y,pi,,^.p, 

where T^^p is the off time of the switch which connects the 
output Inductor to Vi.^ and V^^^^,^^ is the maximum allowebie 
peak-tO'pealc output ripple voltage. 

3. Use an output inductor with an Inductance LI 
which is equal to or greater than L^i^. 

4. Determine a minimum capacitance C,.> for the output 
capacitor in accordance with the following; 

if < (V,,-.Vo„):- C„,, - AI»,„/[R,,^,,<V^„/L1)}; 

5. Use an output capacitor having a capacitance C 
about equal to C^i^ and an equlTalent series resistance R» 
about equal to K^tm • 

6. Arrange the output impedance of the regulator to 
be about equal to R,. This step is accomplished by making 
the transfer function for the regulator's feedback circuit 
correspond with equation 4, in accordance with the methods 
described above. 

While particular embodiments of the invention have 
been shown and described, numerous variations and alternate 
embodiments will occur to those skilled in the art. For 
example, a trivial alternate embodiment of . a buck-type 
switching regulator has the second switch replaced with a 
rectifier diode. Accordingly, it is intended that the 
Invention be limited only in terms of the appended claims. 
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X Tho invention is intended for uae vith voltag 
reg\rLacors for which output capacitor size and cost 
prefe^sably minimized, . which must maintain its fiititput 
voltage\M.thin specified boundaries for large bidis^tional 
step change^ in load current. These goals are >^hieved by 
employing an 041 1 put capacitor that has' a comh^ation of the 
largest possibife equivalent series resi^^r^nce (ESR) and 
lowest possible ca^jacitance that ensures that the peaJc-to- 
paak voltagfe deviati^ for a bidirectional step change in 
load curront is no greats than tKe maximum allowed, and by 
compensating the regulator to^nsure a response that is 
flat after the occurrence o^<th'e peak deviation - referred 
to herein as an optimum reaponXe". When these conditions 
are met, the regulatoa^s outpurv capacitor will be the 
smallest possible yt^apaeitor whicFK enables the output 
voltage to stay y^xthLn the specif iedv boundaries for a* 
bidirectional &Cep change in load currency The invention 
is applicahX^ to both switching and ri^ear voltage 
regulators^* 

Fu^j^her features and advantages of the inventJ.on will 
be op^&rent to those skilled in the art from the foislowing 
detailed description; taken together with the accompanying 
orawin<ys , • • >^ 



BRrr.r mrgrHTPTTOM np the dr&wtmc<; 

. riG. 1 is a schematic diagram of a prior art switching 
voltage. regulator circuit,.^ 

rT fi ri, fl a and «b are plots of output voltage and load 
curront, respectively, for a prior art voltage regulator 
circuit which does not include a resistor connected between 
its. output tominal and its output capacitor. 

rff i i m a -and to are plots of oatput voltage and load 
current, respectively; for 3 prior art voltage regulator 
circuit which does include a resistor connected between its 
output terminal and its output capacitor. 
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TTfl 1 1 ■ * fl and <b' are plocs of output voltage and load 
current, respect iveiy, for a prior art voltage regulator 
circuit in which the load current steps down before the 
output voltage has settled in response an upward load 
current step. . _ 

" DtC i '3i a i3 a plot of a step change in load current; 
PIC I i f b is a plot of the output current injected by a 
voltage regulator toward the parallel combination of output 
capacitor and output load in response to the step change In 
load current shown in riG.' fa^ 

Sl«m#c is a plot of a voltage regulator' s output 
capacitor current in response to the step change in load 
current shown in FIG. ^a^ 

M^i0A9d is a plot of a voltage regulator' a output 
voltage when the capacitance of its output capacitor is 
greater than a critical capacitance Ce«iy 

Ml) ■ -le is a plot of a voltage regulator's output 
voltage when the capacitance of its output capacitor is 
less than a critical capacitance C-ei,. 

raai i U a and are plots of output voltage and load 
current, respectively, for a voltage regulator per the 
present invention which employs an output capacatance that 
is equal CO or greater than a critical capacitance C-ne- 

gxarar 7 a ^nd are plots of output voltage and load 
current^ respectively, for a voltage regulator per the 
present invention which enipl-oys an output capacitance Chat 
is less than a critical capacitance C^^j^ . 

ric. 8 is a block/schen>atic diagram of an embodiment 
of a voltage regulator per the present invention. 

FIG. 9 is a schematic diagram of one possible 
implementation of the voltage regulator embodiment shown in 

FIG. cxT^pri^e^i d fi^Jh^ 

PI 03;. ilOa and ^Bto are simulated plots of output 
voltage and load current,, respectively, for a voltage 
regulator per FIG. 9. 
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FIG. 11 is a schematic diagram of alternative 
implementarion of the voltag.e error amplifier shown in FIG. 
9. 

FIG. 12- is a block/schematic diagram of another 
embodiment of a* voltage regulator per the present 
Inventipn. 

FIG. 13 is a schematic diagram of one possible 
Implementation of the voltage regulator embodiment shown in 
FIG. 12. 



^DETAILED DESCRrPTTQN OF THR rNVFT^TTOK X 

\ The present invention provides a. means of detenoio^ing 
the\sinallest possible capacitor that can be used o6 the 
outpubv of a voltage regulator in applications c^uiring 
large oldirectional step-tike changes in loacf current, 
which enacKles the regulator's output voltaigfe to remain 
within speci riled boundaries Cor a given srepr size. A given 
step change inNload current is identified herein as AI,^ar 
and the allowable>output voltage deviation specification is 
identified as iiV^,>As used herein, ythe ^"'smallest possible 
oucpat capacitor" refeX? to the ducput capacitor having the 
smallest possible capacitance value and the largest 
permissible BSR value whic^/enable the regulator to meet 
the CkV^^ specification. y«eo^se the cost of a capacitor 
tends to be inversely pproportioSal to its ESR and directly 
proportional to its/^ capacitance^ and because space is 
nearly always at/a" premium on V circuit board, the 
invention makes possible for the output capacitor' s cost 
and space *rea;^rement3 to be minimized. \^ 

The irt^ntion takes advantage of the realization that 
there xs/a smallest . possible output capacitb^r Chat, when 
th a properly configured voltage regulator, enables 
regulator to meet a given av„^ specaJSacation . 
ng the effect of th© output capacitor's equxvalent 
series inductance, a step change ii\ load current oJ»o,j 

^72 ■■ '— 
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1^ Abstract 

A method- and circuit enable a voltage regulator to 
employ the smallest possible output capacitor (5$) that 
allows the regulator's output voltage (V^^) to be maintained 
5 within specified . boundaries for large bidirectional step 
changes in load current. This is achieved by employing an 
output capacitor which has a combination of the largest 
possible equivalent series resistance (ESR) and lowest 
possible capacitance that ensures that the peak voltage 
» deviation for a step change in load current (AIi«,o) ia no 
greater than the maximum allowed (AV^.), and by compensating 
the regulator to ensure a response chat is flat after the 
occurrence of the peak deviation. The invention is 
- applicable to both switching and linear voltage -regulators. 
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1. This document has been translated by computer. So the translation may not reflect the original 
precisely. 

2. **** shows the word which can not be translated. 
3. In the drawings, any words are not translated. 

DETAILED DESCRIPTION 



[Detailed Description of the Invention] 
[0001] 

[Field of the Invention] About the field of a voltage regulator, if this invention is specified 
fiuther, it relates to the approach of improving the response of the voltage regulator to the 
transient of a load. 
[0002] 

[Description of the Prior Art] Even if the purpose of a voltage regulator is the case where a 
demand of the changed load current for which electric power is supplied to non-adjusted input 
voltage must be filled, it is supplying almost fixed output voltage to a load. 
[0003] to sharp increase or reduction of the suddenly of the load current demanded by step status 
change-ization of the load current, i.e., a load, depending on an application, in order to maintain 
the output voltage of about 1 law, a regulator is needed. For example, when a microprocessor 
may have "power saving mode", tums OFF the circuit part which is not used in this case, reduces 
cxirrent consumption to zero mostly and is needed, it must set these parts to ON, and the load 
current must usually be raised to a high value within in hundreds of nanoseconds in that case. 
[0004] If the load current has change, it is unescapable that a certain deflection arises in the 
output vohage of a regulator in practice. The magnitude of this deflection is related to both the 
capacity of an output capacitor, and equivalent series resistance (ESR). That is, deflection 
becomes large, so that ESR is so large that capacity is small, for example, in a switching voltage 
regulator (the output current is sent out through an output inductor and the output capacitor 
connected to juxtaposition between loads is included) Only Iload increases in [ the current with 
which change (deltalload) of the load current is sent out to one load ] instant. Or the capacity of 2 
output capacitor is very large, and since the ESR is still very smaller, if it is not extent which the 
deflection of output voltage can disregard, a result fi-om which the output voltage of a regulator 
changes will be brought. The first altemative is impossible. It is because the current in an output 
inductor cannot change in an instant. Although time amount required in order to cope with 
change of the load current can be shortened by making the inductance of an output inductor 
small, for that, the rise of the switching fi-equency of a regulator is needed after all, and it is 
restricted by the dissipation in the limited switching rate of a switching transistor, and the drive 
circuit of a transistor. Although the 2nd altemative is possible, possibility of a very big output 
capacitor being needed, the space occupied on a printed circuit board being too large to 
remainder, or cost starting too much, or becoming these both sides is high. 
[0005] For the application with which the specification which restricts the deflection of 
permissible output voltage for the output voltage of a regulator narrowly to a narrow load 
transient response specification, i.e., a bidirectional step change of the load current, must be 
filled, it may become so large that this unescapable deflection cannot be admitted. When using 
here, "deltaVout" shall mean the peak pair peaking capacity voltage deviation shown in a graph 
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while meaning the output voltage deflection specification of a regulator. The clearest solutions 
for improving a load transient response are increase of an output capacitance, and/or reduction of 
ESR of an output capacitor. However, a cost rise is caused, in order that the required volume 
(volume) may become large and may make PC-board area large so that an output capacitor 
becomes large (capacity becomes large and ESR becomes small) as described previously. 
[0006] One of tiie technique which improves a load transient response is shown in drawing 1 . 
The switching voltage regulator 10 contains the push and pull switch 12 connected between 
supply voltage Vin and touch-down. Two power metal-oxide semiconductor field effect 
transistor 14 and 16 changed synchronous usually realizes this. A driver circuit 18 is connected 
and one side or another side of MOSFETs 14 and 16 is changed by turns. The duty ratio 
modulation circuit 20 controls a drive circuit. A circuit 20 contains the electrical-potential- 
difference comparator 22 which compares the error voltage received from the saw-tooth-wave 
clock signal received from the clock circuit 24, and the error signal generating circuit 26. 
Usually, including the high interest profit operational amplifier 28, a circuit 26 receives the 
electrical-potential-difference expression of output voltage Vout in reference voltage Vref and 
the 2nd input in one input, and generates the error voltage changed with the difference of Vout 
and desired output voltage. Moreover, a regulator contains the resistor RS connected between the 
output capacitor 30 shown by expressing as the output inductor L connected to the join between 
MOSFETs 14 and 16, equivalent series resistance Re, and an in-series capacity C, the output 
inductor, and the output capacitor. Vout is connected and a load 32 is driven. 
[0007] In actuation, MOSFETs 14 and 16 are driven so that Inductor L may be connected to Vin 
and touch-down by turns, and a duty ratio is determined by the duty ratio modulation circuit 20. 
A duty ratio is changed according to the error voltage which the error amplifier 28 generates. 
The current of Inductor L flows into the parallel connection of the output capacitor 30 and a load 
32. On a switching frequency, since the impedance of a capacitor 30 is farther [ than that of a 
load 32 ] small, a capacitor filters most AC components of an inductor current, it removes, and 
all the direct currents are sent out to a load 32 as a matter of fact. 

[0008] If there is no series resistance machine RS, the electrical potential difference fed back to a 
circuit 26 will become equal to Vout, and the response to the step change in the load current of a 
regulator will serve as it of a typical switching regulator. The output voltage Vout of the 
regulator to step change of the load current Iload shown in drawing 2 b is shown in drawing 2 a. 
Since it cannot change in an instant, if Iload changes suddenly, Vout will fall in the shape of a 
spike, and, finally, as for the current of L, a control loop will pull back Vout on the nominal- 
output electrical potential difference Vnom. Similarly, when Iload falls in the shape of a step 
after that, Vout goes up in the shape of a spike, and retums to Vnom after that. The total 
deflection in output voltage deltaVout to step change of the load current is determined by the 
difference between two peaks of an electrical-potential-difference spike. When the regulator is 
restrained by the narrow load transient response specification, this deflection may exceed the 
tolerance allowed. 

[0009] connecting Resistance RS to Inductor L and a serial - (- an output terminal 34 - setting 
— ) — deltaVout can be decreased. To step change of the load current shown in drawing 3 b, when 
RS is included, one of the possible responses is shown in drawing 3 a. When RS is contained in a 
proper place, a control loop does not akeady restore Vout to Vnom, and restores Vout to the 
electrical potential difference given with the value which subtracted the product of deltalload and 
RS from the electrical potential difference in a terminal 34 rather. That is, only delta load*RS 
becomes high rather than the case where the steady state value of Vout to a light load receives a 
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heavy load. By making RS almost equal to ESR of an output capacitor, some narrow 
deltaVout(s) can be obtained rather than it is obtained, when not using RS. 
[0010] About the fault .of the circuit of drawing 1 , one of them is shown in drawing 4 a and 
drawing 4 b. In this case, the load current ( drawing 4 b) falls in the shape of a step again, before 
Vout ( drawing 4 a) stabilizes in a steady state value. If high rather than Vout can set to drawing 
3 a when Iload falls, the peak of a upward Vout spike will also become high and overall 
deflection deltaVout will become larger than the case of being other. Thus, in order for that 
deflection becomes large to fiilfiU a narrow output voltage deflection specification especially, a 
regulator 10 must use a bigger output capacitor and the ESR means becoming small-like 
proportionally. Since the cost of a capacitor is in inverse proportion to that ESR in 
approximation, as for costs, it may start [ fulfilling this specification ] too much. 
[001 1] Another fauU of the circuit of drawing 1 is that remarkable power consumption is needed 
for the series resistance machine RS. For example, if RS is assumed to be 5mohm and a 
maximum load current is assumed to be 14.6A, the consumption in RS will be set to 1 .07 W. 
[0012] In improving the load transient response of a regulator, the technique using a different 
control principle D. "V2 of Coder (D. GOD A) and W.R.Pelletier (W. R. PERECHIA) 
Architecture Provides Ultra?Fast Transient Response in Switch Mode Power Supplies" (V2 
architecture brings about a ultra high-speed transient response in a switch-mode power supply), 
HFPC It is indicated by Proceedings and 19 - 23 pages in PowerConversion and September, 
1996. The regulator indicated in this contains an output inductor and a capacitor same with 
having been shown in a push and pull switch, a driver circuit, an error amplifier, and drawing 1 . 
The signal showing the output voltage of a regulator is supplied to both error amplifier and an 
electrical-potential-difference comparator. An electrical-potential-difference comparator also 
receives the output of error amplifier. When the output voltage of a regulator exceeds the output 
of an error amplifier, the output of a comparator shifts to quantity, carries out the trigger of the 
monostable multivibrator, and turns OFF an upper switching transistor covering a predetermined 
time interval. 

[0013] The transient response of this circuit is designed so that it may become more nearly high- 
speed than that of the circuit of drawing 1 . The step of the load current changes the electrical 
potential difference in a comparator immediately, bypasses blunt error amplifier, and shortens 
the response time by this. However, even if the response time becomes short, the configuration 
of response trace can be similar with what is still shown in drawing 3 a, and any improvement 
cannot almost be found in the magnitude of deltaVout. 

[0014] Another switching regulator is "Fueling of L.Spaziani (L. SUPATCHIANI). the 
Megaprocessor ? DC/DC Converter Design Review Featuring the UC3886 and UC3910" 
(examination of the DC/DC converter design characterized by electric supply 7UC3886 of a 
megger processor, and UC3910), Unitrode Application Note It is indicated by U7157, 37541, or 
37570 pages. The control principle which adjusts by controlling the average of the current in an 
output inductor and which is known as "average current control" is used for this regulator. A 
resistor is connected to the output inductor of a regulator, and a serial, current detection ampHfier 
(CSExurrent sense amplifier) is connected between this resistor, and an inductor current is 
detected. The output of CSE is supplied to current error amplifier with the output of electrical- 
potential-difference error amplifier. Electrical-potential-difference error amplifier compares the 
output voltage of a regulator with reference voltage. A comparator receives a saw-tooth-wave 
clock signal in the output of current error amplifier, and the input of another side in one input. A 
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comparator generates a pulse-width-modulation output and drives a push and pull switch through 
a driver circuit. 

[0015] In actuation, according to increase of the load current, output voltage.decreases and the 
error signal from electrical-potential-difference error amplifier increases. For this reason, the 
duty ratio of the pulse which the output from a current error amplifier increases, therefore a 
comparator generates becomes large. Then, the current in an output inductor increases and output 
voltage is pushed up. Electrical-potential-difference error amplifier is constituted so that non- 
storage gain may be given, and tiiis is combination with average current control, and gives 
limited and controllable output resistance to a regulator. Thereby, positioning of output voltage 
becomes being the same as that of the mode to which the series resistance machine RS affects 
the response of the circuit of drawing 1 . However, the response obtained is similar to it of 
drawing 3 a also in this case, and deltaVout may still exceed a narrow output voltage deflection 
specification as clearly shown in drawing 32 of bibliography. 
[0016] 

[Problem(s) to be Solved by the Invention] The problem described previously is conquered, and 
the approach and circuit where a voltage regulator can obtain the optimal response to a big 
bidirectional load transient are offered, using the minimum output capacitor as much as possible. 
[0017] 

[Means for Solving the Problem] As for this invention, it is desirable to hold down the size and 
cost of an output capacitor to min, and it means using with the voUage regulator which must 
maintain the output voltage within the boundary specified to a big bidirectional step change of 
the load current. A regulator is compensated so that the response which becomes flat may be 
secured after generating of the peak deflection which adopts the output capacitor which has the 
combination of the equivalent series resistance (ESR) greatest as much as possible and the 
capacity minimum as much as possible, and is called "the minimum response" here with which it 
compensates that the peak pair peak voltage deflection to the bidirectional step change in the 
load current is below permission maximum in attaining these targets. If these conditions are 
fulfilled, the output capacitor of a regulator will turn into the minimum capacitor for which it 
makes it possible to stop output voltage within the boimdary specified to the bidirectional step 
change in the load current as much as possible. This invention is applicable to both switchmg 
and a linearity voltage regulator. 

[0018] Still more nearly another description and advantage of this invention will become clear to 
this contractor by referring to the following detailed explanation with an accompanying drawing. 
[0019] 

[Embodiment of the Invention] This invention provides the output of a voltage regulator with a 
means to determine the usable capacitor minimum as much as possible, in the application which 
needs big bidirectional step status change-ization for the load current. Thereby, the output 
voltage of a regulator becomes possible [ maintaining within the boundary specified to given step 
size ]. Here, the given step change in the load current is identified as deltalload, and a 
pemiissible output voltage deflection specification is identified as deltaVout. When using here, 
"the output capacitor minimum as much as possible" shall mean the thing of an output capacitor 
which has the capacity value minimum as much as possible and the greatest ESR value minimum 
as much as possible which may be allowed which enables a regulator to fulfill deltaVout 
specification. Since the cost of a capacitor tends to be proportional to the capacity du-ectly in 
inverse proportion to the ESR, and since space is ahnost always precious on a circuit board, this 
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invention makes it possible to minimize the cost and the requirements for space for an output 
capacitor. 

[0020] This invention will use the reality which enables a regulator to fulfill given deltaVout 
specification in which there is the minimiun output capacitor as much as possible, if the voltage 
regulator constituted proper is used. When the effectiveness of the equivalence serial inductance 
of an output capacitor is disregarded, step change deltalload of the load current makes the output 
voltage of a voltage regulator generate initial change. This is equal to ESR (here, it identifies as 
Re) of a capacitor and the product of deltalload, i.e., Re*delta Iload. This initial change is 
produced to a load current step above and down [ both ]. When it is beyond the "critical 
(critical)" value Ccrit with the capacity C of an output capacitor (it discusses in detail below), 
output voltage deflection cannot exceed an early Re*delta Iload change. When C is under Ccrit, 
output voltage deflection continues increasing, before beginning to restore after that after early 
Re*delta fload changes. 

[0021] The regulator of the conventional technique is usually designed so that output voltage 
may be again driven toward nominal value after transient generating of a load. However, if it 
does in this way, overall output voltage deflection deltaVout may reach even the twice of 
Re*delta Iload. If the load current goes up in the shape of a step, as for Vout, only Re*delta Iload 
will fall fi*om nominal voltage. When the load current has stopped at quantity sufficiently long, 
as for a regulator, Vout is again driven to nominal voltage. Here, if the load current falls in the 
shape of a step again, as for Vout, only Re*delta Iload will go up in the shape of a spike, and, as 
a result, full power voltage deviation will be set to 2 (Re*deha Iload). 

[0022] I hear that the response that whose the fault which is inherent in the control approach for 
the magnitude of deltaVout of the regulator of the conventional technique has been recognized, 
and was found generates the optimal load transient response, i.e., the minimimi output voltage 
deflection deltaVout, is a response which stops at the voltage deviation boundary by the side of 
Gokami of a downward load current step uniformly, and stops at it uniformly on the voltage 
deviation boundary of the back bottom of a upward load current step, and there was. This 
invention offers the approach of constituting a regulator so that the load transient response of a 
regulator may serve as this theoretical optimum value or its near. Moreover, it turned out that it 
is the minimum capacitor which can be used in order that an output capacitor required in order to 
attain this response may fulfill the specification of deltaVout as much as possible. 
[0023] The target to obtain the optimal response is attained, and many steps must be performed 
in order to specify the minimum capacitor which makes possible given deltaVout specification 
which should be fulfilled by this as much as possible. The maximum equivalent series resistance 
Re (max) is determined to the output capacitor which the voltage regulator which first receives 
constraint of voltage deviation assignment deltaVout specified to bidirectional step change 
deltalload of the load current adopts. According to Ohm's law. Re (max) is given by Re(max) 
=delta Vout/delta Iload. When Re of an output capacitor is as larger as possible than Re (max), 
the initial deviation of Vout to step change of the load current equal to deltalload surely exceeds 
deltaVout. 

[0024] The following step is determining the above-mentioned "critical" capacity value Ccrit. It 
be the thing of the amount of the capacity which make the inclination of output voltage zero in 
case it go up to the letter of an inclination with the inclination of the max allow the current pour 
in by the regulator toward the parallel connection of a load and output capacitor when it connect 
at juxtaposition between the loads which drive critical capacity by the voltage regulator ( as the 
output capacitor of a regulator ) by physical limit of a regulator ( or descent ) , namely , make flat 
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after an early Re*delta Iload change . The thing of the greatest inclination allowed by physical 
limit of a regulator is made to call it "the inclination for maximimi good (maximimi available 

slope)" here.- 

[0025] The critical capacity Ccrit is given by the following formula. 
[0026] 

[Equation 11] 

Ccrit=delta Iload/mRe (max) (formula 2) 

Here, deltalload is an inclination value relevant to the current which turned the maximum 
anticipation load current step and Re (max) to the maximum-permissible output capacitor ESR 
(it calculated previously), tumed m to the parallel connection of an output capacitor and an 
output load, and was poured in, and discusses below the approach of determining m and its 
value. 

[0027] The inclination parameter m is shown in drawing 5 a thru/or drawing 5 c. Drawing 5 a 
shows the load current wave over an above step. Drawing 5 b shows the current which the 
regulator poured in towards an output capacitance when a regulator generates the output current 
in the inclination m for maximum good, and the parallel connection of an output load. Drawing 5 
c shows the current in an output capacitor, and this current is equal to the difference of the load 
current and an inrush current. 

[0028] When the capacity of regulator ** is larger than Ccrit ( drawing 5 d), and when smaller 
than Ccrit ( drawing 5 e), as for drawing 5 d and drawing 5 e, the size of the output capacitor of a 
regulator affects Vout how, and a regulator shows pouring in a current with the inclination for 
maximum good towards the parallel connection of a capacitor and a load. In C>Ccrit, it is begun 
to restore Vout immediately after generating of initial deltalloadRe change. However, in 
C<Ccrit, after initial deltalloadRe change continues increasing and, finally, the deflection of 
output voltage is restored after that. 

[0029] The inclination value m over a given regulator is influenced by the configuration. 
Generally, m is decided as follows. 

1) Determine the absolute value of the inclination for maximum good of the current which a 
voltage regulator pours in towards the parallel connection of an output load and an output 
capacitor to the increment in a step of the load current equal to deltafload. 

2) Determine the absolute value of the inclination for minimum good of the current poured in 
towards the parallel connection of an output load and an output capacitor to step reduction of the 
load current equal to deltalload. An inrush current will have negative inclination as a result of the 
step-like reduction in the load current. As opposed to step-like reduction in [ as opposed to / next 
/ this step ] "load current ... Inclination" for maximum good becomes equal to the greatest 
negative inclination. 

3) Judge the which one is small between two absolute values. This is the inclination for 
maximum good of the "worst situation." The smaller one serves as a value m between two 
absolute values, and it is used in the formula for which it asked here. 

[0030] The inclination m for maximum good of the worst situation is clearly defined in a 
switching regulator by the input voltage Vin, its output voltage Vout, and the inductance L of the 
output inductor. For example, in a back mold voltage regulator (buck?type voltage regulator), m 
can be decided as follows. When Vout is under Vin-Vout, m is given by m=Vout/L. When Vout 
is larger than Vin-Vout, m is given by m=(Vin-Vout)/L. 

[0031] The inclination for worst situation maximum good is not so defined clearly by the 
linearity voltage regulator. This is dependent on many factors which also include the value of the 
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load current as compensation of the electrical-potential-difFerence error amplifier, the physical 
characteristic of the semiconductor device, and possibility. 

[0032] Two-optimal load transient responses which can be-attained by this invention are shown 
in drawing 6 and drawing 7 . Drawing 6 a shows the optimal load transient response to the 
bidirectional step in the load current shown in drawing 6 b about the regulator constituted proper, 
when the capacity C of an output capacitor is more than Ccrit. Since C is more than Ccrit, 
maximum output voltage deviation is restricted to Re*delta Iload. Drawing 7 a shows the 
optimal load transient response to bidirectional step change deltalload in the load current of 
drawing 7 b, when the capacity of the output capacitor of the regulator constituted proper is 
xmder Ccrit. After the initial step (= Re*delta Iload) produced by Re of a capacitor, Vout inclines 
toward a steady state value gradually, and subsequently to, it stops uniformly in a steady state 
value until the load current falls in the shape of a step and retiuns. It can be shown that peak 
voltage deflection deltaVout in this case is given by the following formula. 

[0033] 

[Equation 12] 

delta Vout=delta Iload2 / 2 mC+mCRe 2/2 (formula 2) 

m and deltalload are the same also in a formula 1 here, and C and Re are the capacity and ESR of 
the output capacitor to be used, respectively. The approach of guaranteeing it not exceeding the 
peak voltage deflection given by the formula 2 still more even if this invention is the case where 
the capacitor which has the capacity of under Ccrit must be used is offered. Therefore, when 
using here, as shown in drawing 6 a, a regulator answers the load current step of size deltalload, 
and "the optimum response (optimum response) of initial output voltage deflection" to the 
regulator which has the output capacitor of a bigger capacity than Ccrit is equal to deltaIload*Re, 
and stops uniformly to the following load current step. When the capacity of an output capacitor 
is under Ccrit, an optimum response comes to be shown in drawing 7 a, and peaking capacity 
voltage deviation is given by the formula 2, and stops uniformly to the following load current 
step. 

[0034] Once it determines the value of m to a given regulator, the capacitor (based on drawing 6 
a or drawing 7 a) of the minimum size by which an optimum response is obtained can be 
determined. The capacitor of the minimum size is the capacity C and ESR with which are 
satisfied of the following formulas. It has the combination of Re. 

[0035] 

[Equation 13] 

Cmin=[deltaIload2 / 2 m+mTC2/2]/deltaVout (formula 3) 

Here, the inclination value which calculated m previously, the maximum allowable-voltage 
deflection to step change of the load current with deltaVout equal to deltalload, and TC are 
property time constants (it discusses below). 

[0036] The minimum size with which are satisfied of a formula 3 exists to the class of given 
capacitor. For example, (Aluminum aluminum) electrolyte capacitor, a ceramic condenser, and 
an OS-CON (aluminum which has organic-semiconductor electrolyte) capacitor are contained in 
the class of capacitor. Selection of the class of output capacitor is influenced according to many 
factors. In a switching regulator, one of the important points taking into consideration is a 
switching frequency. There is an inclination which uses aluminum electrolyte capacitor in the 
design (for example, 200kHz) of low frequency, by intermediate frequency design (for example. 
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500kHz), there is an inclination which uses an 0S7C0N capacitor and there is an inclination 
which uses a ceramic condenser by high frequency design (IMHz or more). 
[0037] Once it chooses the class of capacitor, the property time constant TC will be determined. 
This is given by the product of the ESR and its capacity. Since ESR of a capacitor will tend to 
decrease if the capacity increases, TC tends to become almost fixed to the capacitor of a given 
class and a voltage rating. For example, a standard low-battery (for example, lOV) aluminum 
electrolyte capacitor has a property time constant for about 40 microseconds (for example, 
2mFx20mohm), a ceramic condenser has a property time constant for about 100ns (for example, 
lOmicroFxlOmohm), and an OS-CON capacitor has a property time constant for about 4 
microseconds (for example, 100microFx40mohm). 

[0038] According to a formula 3, the minimum capacity is decided using TC determined to the 

class of selected capacitor. Min ESR Re (max) is given by the following formula. 

[0039] 

[Equation 14] It is small ESR somewhat from this preferably [ it is equal to the desirable larger 
capacity C and Re (max) equal to Re(max) =TC/CminCmin or than this, or ], The capacitor 
which has RC is used as an output capacitor of a regulator. In beyond the Ccrit value which C 
calculated previously, the response by drawing 6 a is obtained. When C is xmder Ccrit, a 
response like drawing 7 a is attained. Using the output capacitor which has ESR equal to 
capacity and Re (max) equal to Cmin does not recommend, although it is permissible. If it carries 
out like this, it will become a practically childish design and the safety margin to tolerance, 
secular change, temperature, etc. will hot be obtained. Choosing the capacitor which, on the 
other hand, has ESR quite smaller than Re (max) does not recommend, either. It is because a 
capacitor tends to serve as cost quantity so that ESR is small. Once it decides the ESR value of 
an output capacitor, it will comment on the capacity C being mostly determined by selection of 
the class of capacitor. Therefore, although C may become quite larger than Ccrit, within the 
limits of the selected capacitor class, the size of a capacitor is still in the minimum state. 
[0040] After choosing an output capacitor, it is necessary to constitute a voltage regulator so that 
the response may have the optimal configuration shown in drawing 5 a (when it is C>Ccrit) or 
drawing 6 a (when it is C<Ccrit). In order to attain an optimum response in C>Ccrit, a voltage 
regulator is constituted so that the output impedance (the impedance of an output capacitor is 
included) of a voltage regulator may serve as resistance and may become equal to ESR of an 
output capacitor. In C<Ccrit, an optimum response is the inclination for maximum good at 
association of a load and an output capacitor, and it is guaranteed only by making a current pour 
into a regulator until it reaches peak deflection. In this case, since a regulator operates in the 
nonlinear mode to the part of this response, it is unchanging to selection of an output impedance 
being possible so that tiie optimal output impedance cannot be defined or the abnost optimal 
response may be obtained. 

[0041] One operation gestalt of the voltage regulator by this invention is shown in drawing 8 . 
The good control power stage 50 answers the control signal received in a characterization eclipse 
and a control input 53 by Transconductance g, and generates an output Vout to the output node 
52. The power stage 50 drives a load 54. It connects with juxtaposition between loads, and the 
output capacitor 56 is divided and shown in the capacitive component C and an equivalent- 
series-resistance Re component here. The feedback circuit 58 is connected between the output 
node 52 and the control input 53. 

[0042] The electrical-potential-difference error amplifier 59 can be included, and the signal with 
which output voltage Vout is expressed in the 1st input 60 is connected so that reference voltage 
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may be received in the 2nd input, and a feedback circuit 58 generates the output 62 changed with 
the difference electrical potential difference during the input. With the operation gestalt shown in 
drawing 8 , when the optimal load transient response 56, i.e., a capacitor, is more than Ccrit and 
the optimal load transient response by drawing 6 a and a capacitor 56 are under Ccrit(s), the 
optimal load transient response by drawing 7 a is attained by compensating the electrical- 
potential-diflference error amplifier 59 so that gain K (s) may be given by the following formula. 
[0043] 

[Equation 15] 

K(s) =- (1/gRO) (l/(l+sReC)) (formula 4) 

Here, g is the transconductance of the good control power stage 50, C and Re are the capacity 
and ESR of the output capacitor 56, respectively, and it is the amount to which s is given to with 
complex fi-equency and RO is given by the following formula. 
[0044] 

[Equation 16] 

In C>=Ccrit, it is R0=Re. (formula 5) 
[0045] 

[Equation 17] 

In C<Ccrit, it is R0=(deltaIload/2mC)+ (mCRe2/2deltanoad). 
(Formula 6) 

Here, C and Re are the capacity and ESR of the output capacitor 56, respectively, m is the 
absolute value (it is as having discussed about the decision of Ccrit) of the liminal gradient of the 
current poured in towards the parallel connection of the output capacitor 56 and a load 54, and 
deltalload is the maximum load current step designed so that a regulator might cope with it. 
[0046] The value of RO defined in the formula 5 and the formula 6 serves as a scale of the peak 
voltage deflection of a regulator. When C is more than Ccrit, it came to have defined gain [ of 
the electrical-potential-difference error amplifier 59 ] K (s) as a formula 4, and the joint output 
impedance of a regulator and the output capacitor 56 becomes equal to the equivalent series 
resistance Re of an output capacitor. Therefore, peak voltage deflection serves as deltaIload*RO, 
and, in C>=Ccrit, this is equal to deltaIload*Re. 

[0047] C was under Ccrit, and when it is as gain [ of the electrical-potential-difference error 
amplifier 59 ] K (s) having defined it as the formula 4, it came to have defined peak voltage 
deflection deltaVout as a formula 2. When C is under Ccrit, a system cannot become nonlinear, 
therefore a regulator cannot attain the optimimi transient response shown in drawing 6 a. 
However, if the transfer fimction which compensates the electrical-potential-difiference error 
amplifier 59, and is given by the formula 4 is formed, the transient response in practice possible 
nearest to the ideal response of drawing 6 a will be obtained. 

[0048] The good control power stage 50 is limited to neither of the specific configurations. The 
power stage 50 is constituted so that power modal control may be performed, and a power stage 
has transformer resistance equal to RS, and includes reception and the power circuit 68 which 
answers and generates output voltage Vout in drawing 8 for the output 67 from the current 
controller which generates reception and an output 67 for the output of the current sensor which 
generates the output signal changed with the output current of a power stage, and a current 
sensor, and the output 62 of electrical-potential-diflference error amplifier as an input, and a 
current controller. This invention is applicable to both a linearity regulator and a switching 
regulator. In a linearity regulator, a power circuit 68 is a serial pass transistor, and the current 
controller 66 is amplifier. In a switching regulator, either of much topology containing a control 
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mold switch, diode, an inductor, a transformer, and a component part like a capacitor can have a 
power circuit 68. For example, the typical power circuit of a back mold switching regulator is 
shown in drawing 1 . This contains the output inductor L connected among one pair of joints of 
the control switches 14 and 16-ed and a switch, and the output of a regulator. 
[0049] For the current controller 66 of a switching regulator, two formats are possible. That is, 
they are an instant mold and an average mold. Instantaneous-carrying-current control For 
example, A.S.Kislovski (A. S. kiss lob clearance), R. Redl (R. REDORU) and N.O.Sokal (N. O. 
SOKARU), Dynamic analysis of switching?mode DC/DC converters (dynamic analysis of a 
switching mode DC/DC converter). Van Nostrand As indicated by Reinhold (1991) and 102 
pages It has at least six kinds of different low order formats. Fixed off time amount peak current 
control, Fixed ON time amount ballet current control, hysteria tick control (hysteretic control), 
constant frequency peak current control, constant frequency ballet current control, and PWM 
conductance control are included. Although an instantaneous-carrying-current controller can 
change the current in an output inductor within a 1 switching period, it usually requires for 
several terms to change an inductor current by average current control. Although the 
instantaneous-carrying-current control is more desirable because of this reason, an average 
current controller has the response with a current control loop quick enough, and it is usable in 
order to realize this invention. However, this embodiment has the fault of needing current error 
amplifier, and causes the complexity of a regulator circuit, and the rise of cost. 
[0050] Drawing 9 is the schematic diagram of 1 possible operation gestalt of the switching 
voltage regulator by this invention. As for the electrical-potential-difference error amplifier 59, 
the feedback circuit 58 is constituted from this operation gestalt by the operational amplifier 70, 
the input resistor Rl, the feedback resistor R2, and the feedback capacitor CI including the 
electrical-potential-difference error amplifier 59. The joint during these switches is connected to 
the output inductor L including one pair of switches 72 and 74 to which the power circuit 68 was 
connected between Vin and touch-down. The resistor 75 which has Resistance RS realizes and 
the current sensor 64 is connected to the serial between Inductor L and the output node 52. 
[0051] The current controller 66 is a fixed off time amount peak current control mold controller, 
and contains the electrical-potential-difference comparator 76. The input of the electrical- 
potential-difference comparator 76 is connected to the output of the inductor side of a resistor 75, 
and an adder circuit 78. An adder circuit 78 generates an electrical potential difference equal to 
the output Z to the sum of the electrical potential difference of the X and Y input. X is connected 
so that the output 62 of the electrical-potential-difference error amplifier 59 may be undergone, 
and Y is connected to the output side of the current detection resistor 75. Moreover, an adder 
circuit 78 has the fixed gain k, and has the gain stage 80 connected between the output of the 
electrical-potential-difference error amplifier 59, and its X input. Gain k must be more sharply [ 
than a unit, 0.01 / for example, /, ] small, when it is expected that output voltage Vout and the 
criteria resistance Vref are almost equal. The output of a comparator 76 is connected to the 
monostable multivibrator 82, and the output is suppUed to the drive circuit 83 through the logic 
inverter 84. The drive circuit 83 drives the switches 72 and 74 of a power circuit 68 including the 
high order driver 86 and the low order driver 88, respectively. 

[0052] The actuation of the switching regulator circuit of drawing 9 is as follows. When the 
product of the current in Inductor L and the resistance RS of a resistor 75 exceeds the error 
voltage which the electrical-potential-difiference error amplifier 59 generates, the output of the 
electrical-potential-difference comparator 76 serves as quantity, and carries out the trigger of the 
monostable multivibrator. The logic inverter 84 reverses the high power of a multivibrator 82, 
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makes the high order switch 72 changed to the high order driver 86 off, and makes ON change 
the low order switch 74 to the low order driver 88. Consequently, die current of Inductor L 
begins to decrease. After it has related timing interval Toff and timing interval Toff passes, a 
monostable multivibrator 82 reverses the condition of switches 72 and 74, and the current in 
Inductor L begins to increase it. An inductor current's excess of SURESHIHORUDO of a 
comparator 76 repeats a cycle. In order to perform output voltage adjustment, 
SURESHIHORUDO of the electrical-potential-difference comparator 82 is changed by the adder 
circuit 78 using the error voltage from the error amplifier 59. 

[0053] If constituted according to this invention, the switching voltage regulator of drawing 9 
will obtain the almost optimal load transient response shown in the simulation plot of the load 
current Iload and output voltage Vout as shown in drawing 10 a and drawing 10 b, respectively. 
In this example, the load current changes from 0,56A to 14.56A, and return (deltaIload=14A) 
and permission output voltage deflection deltaVout is 0.07V. The parameter value of a switching 
regulator is as follows. 

[0054] Vin=5V, Vref=2.8V, L= 3 microhenries, C=10mF, Re=5mohm, RS=5mohm, k= 0.01, 
deltaIload=14A, deltaVout=0.07V. 

[0055] Re of an output capacitor is admission within the limits defined by Re(max) =delta 

Vout/delta Iload, and conunents on it being equal to 0.07V/14A=5mohm here. 

[0056] In this example, since Vout (=Vref) is larger than Vin=Vout, m is given by the following 

formulas. 

[0057] 

[Equation 18] m=(Vin-Vout)/L=[(5-2.8) V] / 3 microhenry=0.733 A/mu s expression 1 to the 
critical capacity Ccrit is [0058] given by the following formula. 
[Equation 19] Since Ccrit=14A/[(0.733A/mus) (5mohm)]=3.818mF10mF is larger than 
3.814mF(s), as for C, RO (given by the formula 5) becomes equal to Re more greatly than Ccrit 
therefore. In order to attain this, the electrical-potential-diflference error amplifier 59 is 
compensated if needed, and the transfer function of a formula 4 is obtained. This compensation 
will be performed, if the following two formulas are satisfied when realizing the electrical- 
potential-difference error amplifier 59, as shown in drawing 9 . 
[0059] 

[Equation 20] 

K*(R2/R1) =l/(g*RO) (foraiula 7) 

[0060] 

[Equation 21] 
Re*C=R2*Cl (formula 8) 

The value of g is determined by the transformer resistance of a current sensor 64, and the 
embodiment of the current controller 66. When the 1st step of a current controller is an 
electrical-potential-difference comparator (it is this case like), g is equal to the reverse of the 
transformer resistance of a current sensor 64. When realizing a current sensor by resistance, 
transformer resistance only serves as resistance of a resistor (therefore this example g= 1-/RS). 
When the following component values are used, it is satisfied with this example of a formula 7 
and a formula 8. 
[0061] 

As the wave of Rl=lkohm and R2=100kohm and 1= 500pF [ of C ] drawing 10 b shows, an 
output voltage response corresponds to the resistance output impedance of 5mohm, and is equal 
also to ESR of an output capacitor. 
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[0062] The 1 alternative embodiment of a feedback circuit 58 is shown in drawing 1 1 . Here, the 
electrical-potential-difference error amplifier 59 is realized using the transconductance amplifier 
90. Transconductance amplifier is characterized by the output current being proportional to the 
electrical-potential-difference difference between a noninverting input and a reversal input. The 
proportionality coefficient between the output current and an input difference electrical potential 
difference serves as the transconductance gm of amplifier. The voltage gain of transconductance 
mold electrical-potential-difference error amplifier is equal to the product of the impedance 
connected to the output of the transconductance amplifier 90, and Transconductance gm. 

[0063] The embodiment of the electrical-potential-diflference error amplifier shown in drawing 9 
and drawing 1 1 serves as equivalence, when satisfying the following three formulas. 

[0064] 

[Equation 22] 

gm[(R3R4)/(R3+R4)] =R2/R1 Formula 9 [0065] 
[Equation 23] 

VCC[(R4)/(R3+R4)] =Vref Formula 10 [0066] 
[Equation 24] 

C2 [[ (R3R4) ]/[/] (R3+R4) ] =C one R2 Satisfaction of each of a formula 1 1 therefore a 
formula 9, a formula 10, and a formula 1 1 obtains the transfer function defined as the formula 4 
about the electrical-potential-difference error amplifier 59 shown in drawing 1 1 . 
[0067] This invention is not necessarily limited to using with the current modal-control mold 
voltage regulator containing electrical-potential-difference error amplifier. One possible 
operation gestalt of this invention which does not use current modal-control or electrical- 
potential-diflference error amplifier, either is shown in drawing 12 . With this operation gestalt, 
the good control power stage 100 generates output voltage Vout according to the electrical- 
potential-difference difference between one pair of inputs 102, and 104. A power stage includes 
the power circuit 68 controlled by the high-speed electrical-potential-difference controller 105 
which receives an input. In a switching voltage regulator, the high-speed electrical-potential- 
difference controller 1 05 has the description of enlarging quickly the duty ratio of the pulse train 
in the output, when the forward electrical-potential-difference difference which may be 
perceived appears between an input 102 and 104. In a linearity voltage regulator, the high-speed 
electrical-potential-diflference controller 105 is usually reaUzed using a broadband operational 
amplifier. 

[0068] Moreover, the operation gestalt of drawing 12 generates the output changed with the 
output current of a regulator also including the current sensor 106 which has the transformer 
resistance RS connected to the serial between the output of the power stage 100, and the output 
node 52. The output of a current sensor is connected to one input of an adder circuit 108, and the 
2nd input of an adder circuit is connected to the output node 52. An adder circuit generates 
output voltage equal to the sum of the input, and connects it to the input 102 of the power stage 
100. 

[0069] The input 104 of the power stage 100 is connected to the node 1 10 located in the join 
between one pair of impedances Zl, and Z2. Impedances Zl and Z2 are connected to the serial 
between the output node 52 and the electrical-potential-difference criteria 1 12. As shown in 
drawing 12 , when it constitutes a regulator, an optimum transient response is obtamed by 
adjusting the ratios Z2/Z1 of two impedances according to the following formula. 
[0070] 
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[Equation 25] 

Z2 / Zl=[(RO(l+sReC)-RS] /RS (formula 12)) 

Here, RO is defined by the formula 5 and the formula 6, RS is resistance of a current sensor 106 
and Re and C are ESR and capacity of the output capacitor 56 to adopt. 
[0071] One embodiment of the operation gestalt of the voltage regulator of drawing 12 is shown 
in drawing 13 . The high-speed electrical-potential-diflference controller 105 is realized by the 
hysterics tele tick comparator (hysteretic comparator) 130, and the output is connected to the 
drive circuit 132. The drive circuit 132 contains the high order driver 134 and the low order 
driver 136. A power circuit 68 is driven by drivers 134 and 136 including the high order switch 
138 and the low order switch 140, respectively. The output inductor L is connected to the joint 
during a switch. The hysterics tele tick comparator 130 tums OFF a high order switch, when 
output voltage is supervised and output voltage exceeds top SURESHIHORUDO of a 
comparator. A high order switch is again turned on, when output voltage falls under to bottom 
SURESHIHORUDO of a comparator. 

[0072] The current sensor 106 and the adder circuit 108 are realized by the series resistance 

machine 142 which has Resistor RS. An impedance Zl is realized by the parallel connection of a 

capacitor C4 and a resistor R6, and the impedance Z2 is realized by resistance R7. 

[0073] In order for the output impedance of the switching regulator of drawing 13 to become 

equal to resistance RO, the resistance ratio of resistors R6 and R7 must be given by the following 

formula. 

[0074] 

[Equation 26] R7 / R6= (RO-RS) / RS and also the capacity of a capacitor C4, and the product of 

resistance of a resistor R6 must be given by the following formula. 

[0075] 

[Equation 27] C4R6=C[(R0Re)/R3] 

Although it will accept to this contractor in the engineering of a voltage regulator easily, the 
embodiment and operation gestalt of a voltage regulator which were discussed previously are 
only only instantiation. As long as it carries out so that the approach of this invention may be 
indicated here even if it uses much of other circuitry, the optimal transient response and the 
target of this invention called the output capacitor minimum as much as possible can be attained. 
[0076] The approach of this invention indicated here can be shown as a general design 
procedure, can be applied to the design of both linearity and a switching voltage regulator, and 
corresponds also to use of both output capacitor that has the output capacitor and the capacity 
below this which have the capacity exceeding the critical capacity defined previously. This 
design procedure can be carried out according to the following steps. 

[0077] 1. Choose the class of classes (aluminum electrolyte, a ceramic, OS-CON capacitor, etc.) 
of capacitor used as an output capacitor of a voltage regulator required in order to maintain 
regulation output voltage within voltage deviation specification delta Vout specified to step 
change deltalload in the load current. 

[0078] 2. Determine the property time constant TC to the class of selected capacitor. This is 
defined as a product of the ESR and its capacity, as explained previously. 
[0079] 3. Determine the absolute value of the inclination for minimum good of the current 
poured in towards the parallel connection of an output load and an output capacitor to step-like 
increase of the load current equal to deltalload to step-like reduction of the load current equal to 
the absolute value and deltalload of the inclination for maximum good of the current which a 
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voltage regulator pours in towards the parallel connection of an output load and an output 
capacitor. This is performed as the formula 1 was explained. 

[0080] The smaller one is determined among 4.2 absolute values. The absolute value of the 
smaller one is identified as m. 

[0081] 5. Determine the 1st capacity CO according to the following formulas. 
[0082] 

[Equation 28] 

Resistance Re 0 is determined according to the formula below C0=[deltalload2 / 2 

m+mTC2/2]/deltaVout6. 

[0083] 

[Equation 29] The critical capacity value Ccrit is determined according to the formula below 

Re0=TC/C07. 
[0084] 

[Equation 30] hi Ccrit=delta Iload/mRe08.C0<Ccrit, the output capacitor which has the 
equivalent series resistance Re 1 ahnost equal to the capacity CI and ReO ahnost equal to CO is 
used. 

[0085] In CO >=Ccrit, the output capacitor which has the equivalent series resistance Re 2 ahnost 
equal to delta Vout/delta Iload and the capacity C2 ahnost equal to TC/ReO is used. 
[0086] 9. Determine resistance RO according to the following formulas, hi CO<Ccrit, it is [0087]. 
[Equation 31] hi R0=dehanoad/2mCl+[mCl (Rel)] / 2deltanoadC0 >=Ccrit, it is [0088]. 
[Equation 32] A voltage regulator is adjusted so that the output impedance of a voltage regulator 
defined before connection with the output capacitor of which R0=Re2 1 0. use is done may 
become almost equal to the series connection of resistance RO and an inductance LO. LO is given 
by the following formula. 
[0089] hi CO<Ccrit, it is [0090]. 

[Equation 33] hi LO=Cl*Rel*ROCO >=Ccrit, it is [0091]. 

[Equation 34] L0=C2*Re2*RO -- this step is performed by making the transfer fimction of the 
feedback circuit of a regulator correspond to a formula 4 according to the above-mentioned 
approach. 

[0092] It comments on a time constant TC (or the configuration coefficient C and Re) not being 
the amount correctly defined to each capacitor kind. All of the factor of a large number 
containing a manufacture allowable error, case size, temperature, and a voltage rating can affect 
TC. Therefore, in an actual design, it may be required to regard the parameter TC used for count 
as approximate value, and to repeat a design procedure a certain nvunber of times. 
[0093] Moreover, especially the approach of this invention can be shown as a procedure for the 
design of the back mold switching voltage regulator which adopts current modal control. This 
guarantees maintaining the output voltage Vout within voltage deviation specification deltaVout 
specified to step change deltalload of the load current, holding down the size of the output 
capacitor of a regulator to min. This kind of regulator has one pair of switches connected to the 
serial between input voltage Vm and touch-down, and the joint during a switch is connected to 
the output inductor. A switch is driven so that an inductor may be coimected to Vin and touch- 
down by turns. Only in C>Ccrit, the following design procediu-es can be applied and it comments 
on the optimal load transient response shown in drawing 6 a in that case being obtained. 
Moreover, by following the above-mentioned design procedure, it is possible to use the output 
c^acitor which has the capacity of under Ccrit, and the back mold regulator which adopts 
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current modal control can also attain the optimum response shown in drawing 7 a by this. A 

design procedure applicable in C>Ccrit can be carried out by the following steps. 

[0094] 1. Calculate the maximum equivalent series resistance Re (max) to the output capacitor of 

a regulator according to the following formulas. 

[0095] 

[Equation 35] According to the foraiula below Re(max) ==delta Vout/delta Iload2., the minimum 
inductance Lmin to the output inductor of a regulator is determined. 

[0096] 

[Equation 36] 

Lmin==(VoutTofifRe (max))A^ripple and p-p here, the off time amount of the switch whose 
Toff connects an output inductor to Vin, Vripple, and p-p are maximum-permissible peak pair 
peaking capacity ripple voltages. 

[0097] 3. Use the output inductor which has the inductance LI more than Lmin. 

4. Determine the minimxmi capacity Cmin of an output capacitor according to the following 
formulas. 

[0098] 

[Equation 37] Vout - < (Vin-Vout) - a case - Cmin=deltaIload/[Re (max) (Vout/Ll)] 
[0099] 

[Equation 38] In Vout>Vin-Vout, it is Cmin=deltaIload/[Re(max) ((Vin-Vout) / LI)]. 

5. Use the equivalent series resistance Re almost equal to the output capacitor which has the 
capacity C almost equal to Cmin, and Re (max). 

[0100] 6. Constitute the output impedance of a regulator so that it may become ahnost equal to 
Re. This step is performed according to the above-mentioned approach by making the transfer 
function of the feedback circuit of a regulator matched with a formula 4. 
[0101] The specific operation gestalt of this invention is shown above, and although explained, 
deformation of a large number and an alternative implementation gestalt will also be recollected 
by this contractor. For example, there are some which permuted the 2nd switch by one of the 
alternative implementation gestalten in which the back mold switching regulator was common 
with rectifier diode. Therefore, it shall mean that this invention is restricted only about the 
attached claim. 



CLAIMS 



[Claim(s)] 

[Claim 1] Maintain the output voltage of a regulator within the boundary specified to the 
bidirectional step change in the load current. It is the approach of making it possible to a voltage 
regulator to use the minimum output capacitor as much as possible. A voltage regulator with 
required within the boimdary which adopted the output capacitor (56) and was specified to the 
bidirectional step change in the load current maintaining regulation output voltage (Vout) It 
consists of the step compensated so that the response may become flat after the output voltage 
reaches the peak deflection. The approach that said output capacitor required in order to perform 
said compensation is characterized by the thing which maintains the output voltage of said 
regulator within said specified boundary and which it is said output capacitor minimum as much 
as possible. 
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[Claim 2] Maintain the output voltage of a voltage regulator within voltage deviation 
specification deltaVout specified to bidirectional step change deltalload in the load current. It is 
the approach of minimizing the size-of4he output capacitor-of said regulator. It is the step which 
calculates the maximum equivalent series resistance Re (max) of the output capacitor (56) which 
the voltage regulator which supplies output voltage (deltaVout) to a load (RL) in an output node 
(52) adopts. Said output capacitor is connected to juxtaposition between said loads. Said 
regulator It is necessary to maintain the output voltage of a voltage regulator within voltage 
deviation specification deltaVout specified to bidirectional step change deltalload in the load 
current. The step which calculates Re (max) according to Re(max) =delta Vout/delta Iload, It 
turns to the parallel connection of said output load and an output capacitor to the increment in a 
step in the load current equal to deltalload. As opposed to the step reduction in the load current 
equal to the absolute value and deltalload of the inclination for maximum good of the current 
which said voltage regulator pours in The step which determines the absolute value of the 
inclination for minimum good of the current poured in towards the parallel connection of said 
output load and an output capacitor, The step which judges the smaller one among said absolute 
values, and makes a value m the one where this absolute value is smaller, The step which 
determines the critical capacity Ccrit according to Ccrit=delta Iload/mRe (max), The step chosen 
in order to connect the output capacitor which is somewhat smaller than Re (max), or has the 
capacity more than the equivalent series resistance Re and Ccrit equal to this between said loads, 
the step which constitutes the output impedance of said voltage regulator so that it may become 
almost equal to Re - since - the approach characterized by changing. 
[Claim 3] The good control power stage to which said voltage regulator answers the signal 
received in a control input (53), and supplies the output voltage of said regulator in an approach 
according to claim 2 (50), The electrical-potential-difference error amplifier (59) connected 
between said output node and said control input is included. In case the step adjusted so that said 
power stage may become almost equal to Re about a characterization eclipse and said output 
impedance by Transconductance g is performed, it is [Equation 1] about gain [ of said electrical- 
potential-difference error amplifier ] K (s). 
K(s)=(-l/gRe)(l/(l+sReC)) 

It is the approach which is ahke, makes it equal and is characterized by what C and Re are said 
capacity and equivalent series resistance of an output capacitor which were adopted here. 
[Claim 4] Make it possible to maintain the output voltage Vout of a back mold switching voltage 
regulator within voltage deviation specification deltaVout specified to bidirectional step change 
deltalload in the load current. It is the approach of minimizing the size of the output capacitor of 
said regulator. Input voltage Vin Reception, It is the step which calculates the maximum 
equivalent series resistance Re (max) of the output capacitor (56) which the current control mold 
switching voltage regulator which supplies output voltage (deltaVout) adopts as the load (RL) 
connected to the output node (52) through the output inductor (L). Said inductor is connected to 
Vin and touch-down by tums with the 1st and 2nd switches (72 74). It connects with 
juxtaposition between said loads, said output capacitor needs to maintain Vout within voltage 
deviation specification deltaVout specified to bidirectional step change deltalload [ in / in said 
regulator / the load current ], and it is [Equation 2] about Re (max). The step calculated 
according to Re(max) =delta Vout/delta Iload, and [Equation 3] the step which is a step which 
determines the minimum inductance Lmin to said output inductor according to 
Lmin=VoutToffRe(max)A^ripple and p-p, and chooses the step whose Toff is a maximum- 
permissible peak pair peaking capacity ripple voltage here for the off time amount of said 1st 
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switch, Vripple, and p-p, and the output inductor in which it has the inductance LI more than 
Lmin in order to use it in said regulator, and Vout - < (Vin-Vout) — a case — [Equation 4] 
.Cmin===deltaIload/[Re(max)(Vout/Ll)] 

It is [Equation 5], when it is alike, it follows and it is Vout> Vin-Vout. 
Cmin=deltaIload/[Re(max) ((Vin-Vout) / LI)] 

the step which chooses in order to connect the output capacitor which has the step which is alike, 
follows and determines the minimum capacity Cmin of said output capacitor, and the capacity C 
almost equal to Cmin, and the output capacitor which has the equivalent series resistance Re 
almost equal to Re (max) between said loads, and the step which constitute the output impedance 
of said regulator so that it may become ahnost equal to Re - since - the approach characterized 
by to change. 

[Claim 5] It is the voltage regulator which maintains output voltage within voltage deviation 
specification deltaVout specified to bidirectional step change deltalload in the load current. It 
connects so that output voltage Vout may be generated to an output node (52) according to the 
signal received in a characterization eclipse and a control input (53) by Transconductance g. The 
good control power stage where said output node is connected to the load (RL) (50), The output 
capacitor which is an output capacitor (56) which was connected to said output node and 
connected to juxtaposition between said loads, and has equivalent series resistance Re, It has the 
electrical-potential-difference error amplifier (59) connected between said output nodes and said 
control inputs. Said good control power stage, said output capacitor, and said amplifier within 
voltage deviation specification deltaVout specified to step change deltalload in the load current 
The voltage regulator which needs to maintain the electrical potential difference in said output 
node is formed, said output capacitor has the capacity more than the critical capacity Ccrit, and it 
is [Equation 6] about this critical capacity Ccrit. It determines according to Ccrit=delta 
Iload/mRe. Here m 1) As opposed to the increment in a step in the load current equal to 
deltalload As opposed to the step reduction in the load current equal to the absolute value and 
2Iload of the inclination for maximum good of the current which said voltage regulator pours in 
towards the parallel connection of said output load and an output capacitor Are equal to the 
smaller one among the absolute values of the inclination for minimum good of the current which 
said voltage regulator pours in towards the parallel connection of said output load and an output 
capacitor. The voltage regulator characterized by what is constituted so that said voltage 
regulator may have an output impedance almost equal to Re. 

[Claim 6] It sets to a voltage regulator according to claim 5, and gain [ of said electrical- 
potential-difference error amplifier ] K (s) is [Equation 7]. 
K(s)=(-l/gRO)(l/l+sReC)) 

It is the approach that be alike is given, g is equal to the transconductance of said good control 
power stage here, and Re and C are characterized by the thing respectively equal to the 
equivalent series resistance and capacity of said output capacitor. 

[Claim 7] Said capacitor is a voltage regulator to which it is characterized by being the output 
capacitor minimum as much as possible which makes it possible to maintain the output voltage 
within deltaVout to step change deltalload [ in / in a voltage regulator according to claim 5, it has 
the equivalent series resistance Re with said output capacitor ahnost equal to a capacity ahnost 
equal to Ccrit, and delta Vout/delta Iload, and / in a voltage regulator / the load current ]. 
[Claim 8] It is the voltage regulator which maintains regulation output voltage within voltage 
deviation specification deltaVout specified to step change deltalload in the load current. The 
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good control power stage which suppUes output voltage (Vout) to a load (RL) in an output node 
(52) according to the electrical-potential-difference difFerence between the 1st control input 
(102) and the 2nd control input (104) (100), Said output node and the output capacitor connected 
to juxtaposition between said loads (56), The impedance Zl connected between said output node 
and the 1st node (110), The impedance Z2 connected between said 1st node and reference 
voltage (Vref), The current sensor which generates the output voltage (Vout) changed with the 
output current (lout) which has the transformer resistance RS and is sent out to said load (106), It 
has the adder circuit (108) which generates output voltage equal to the sum of said sensor output 
voltage and the electrical potential difference in said output node. Said current sensor output 
voltage and said adder-circuit output voltage, respectively It connects with said 1st and 2nd 
control inputs. Said good control power stage, said output capacitor. Within voltage deviation 
specification deltaVout as which said impedance, said current sensor, and said adder circuit were 
specified to step change deltalload in the load current The voltage regulator which needs to 
maintain the electrical potential difference in said output node is formed, and, for said regulator, 
the ratio of impedances Zl and Z2 is [Equation 8]. 

Zl / Z2=[(R0(l+sReC)-RS] it is constituted so that it may become equal to /RS here. Re and C) 
Respectively, it is equal to the equivalent series resistance and capacity of said output capacitor, 
and RO is equal to Re, when C is more than deltalload/mRe. When C is under deltalload/mRe, 
are equal to deltalload / 2mC+[mC (R<SUB>e)] / 2deltaIload. Or m 1) As opposed to the 
increment in a step in the load current equal to deltalload As opposed to the step reduction in the 
load current equal to the absolute value and 2deltaIload of the inclination for maximum good of 
the current which said voltage regulator pours in towards the parallel connection of said output 
load and an output capacitor The voltage regulator characterized by the thing equal to the smaller 
one towards the parallel connection of said output load and an output capacitor among the 
absolute values of the inclination for minimum good of the current which said voltage regulator 
pours in. 

[Claim 9] Said impedance Zl is realized in a voltage regulator according to claim 8 by the 

resistor Rl and capacitor CI which were connected to juxtaposition, an impedance Z2 is realized 

by resistance R2, said resistance Rl and R2 and capacitor CI are constituted so that the output 

impedance of said voltage regulator may become equal to Re, and it is [Equation 9] by this. R2 / 

Rl= (RO-RS) / RS, and [Equation 10] Cl*Rl=C[(R0Re)/RS] 

The voltage regulator which comes out and is characterized by a certain thing. 

[Claim 10] The voltage regulator which said current sensor and adder circuit are equipped with 

the resistor which has the resistance RS connected between said good control output stage in the 

2nd node, and said output node in a voltage regulator according to claim 8, and is characterized 

by the electrical potential difference in said 2nd node being the output voltage of said adder 

circuit. 
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